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; THE EXCITATION OF TOUCH RECEPTORS 
IN FROG’S SKIN 


By J. A. B. GRAY ann J. L. MALCOLM 
From the National Institute for Medical Research, Mill Hill, London 


(Received 14 July 1950) 


An account has already been published (Gray & Malcolm, 1950) of some 
experiments on the initiation of impulses in mesenteric Pacinian corpuscles. 
It was found that both the ‘on’ and ‘off’ of a mechanical pulse could excite, 
and that after a short (approx. 200ysec.) pulse there was a latency before 
the initiation of the impulse which had a maximum at threshold of about 
1-5 msec. and a minimum with large stimulus strengths of about 0-5 msec. 
It was felt that it would be of interest to see if other mechanical receptors 
behaved in a similar manner, and some of the observations described in itis 
paper were made with this purpose in view. 

It has often been thought that the adaptation of sensory receptors is delat 
to the accommodation of nerve and some observations have, therefore, been 
made to see whether the behaviour of a mechanical receptor to linearly in- 
creasing stimuli was similar to that of nerve. 

The experiments described here on the mechanical receptors of the frog’s 
skin are similar to many that have been carried out on nerve using electrical 
stimuli, and the behaviour of a mechanical receptor can thus be compared in 
general terms with that of nerve. Such a comparison can only be general with — 
results obtained on frog’s skin, since, in this preparation, the receptor is not 
isolated, and it is not easy to obtain comparable results from the receptor’s 
own axon. Direct comparisons have, on the other hand, been made on Pacinian 
corpuscles (Gray & Matthews, 1951). Because the receptors are not isolated 
the results obtained on this preparation are much less consistent than those 
that can be obtained with single separated Pacinian corpuscles. The experi- 
ments have been done, none the less, because it is important that more than . 
one type of receptor should be investigated by these methods. 

A preliminary report of some of these results has been published (Gray, 


Malcolm & Matthews, 1950). 

METHODS 
The skin over the dorsal lymph sac of the frog (Rana temporaria) was removed and the dorsal 
cutaneous nerve divided as near as possible to the muscles of the back. It was pinned out flat, the 
inside being placed upwards over a platinum covered earthed plate. A nerve was placed on a pair 
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of platinum wire electrodes which led through a pair of cathode followers and an amplifier to one 
beam of a double beam cathode-ray oscillograph. This beam recorded the action potentials initiated 
by mechanical stimulation of the skin. The second 
beam was used (e.g. Fig. 3) to record the form of the 
potential applied to the crystal stimulator referred to 
below. The experiments were done at room tempera- 
ture, which ranged from 20-6 to 29-6° C. Re 
For stimulating the skin a specially devised crystal 
stimulator was used; this has been described in detail 
(Gray & Malcolm, 1950). It consists essentially of 
a Rochelle salt (piezo-electric) crystal, which is 
mounted so that the application of a potential across 
the crystal causes one corner to bend. This movement 
is transmitted to the preparation by a short stylus. 
Themaximum movement obtainable with this crystal © 
is about 20m. The form of the movement follows 
that of the applied voltage, so that it is possible to 
use rectangular pulses or linearly increasing move- 
ments of varying durations and slopes. After a 
linearly increasing movement the displacement can 
be maintained or cut off sharply. The crystal used 
in these experiments, when critically damped, had 
@ rising time of about 0-3 msec., so that the term 
‘rectangular pulse’ is not strictly accurate, but will 
be used for convenience. The stylus of the stimulator 
was placed on a selected area on the inside of the 
skin and, by careful placing, it was possible to 
stimulate the termination of a single axon. When 
the crystal was mounted, as described previously 
(Gray & Malcolm, 1950), it was not possible to obtain 
a record of its movement. In the course of the ex- 
periments, however, it became necessary to ascertain 
during each experiment the exact relationship be- 
tween the movement. of the stylus and the shape of 
the applied voltage. For this purpose, the stimulator 
was rebuilt so that the movement of that corner of 
the crystal which actuated the stylus interrupted a 
light beam whose intensity was recorded with an 
electron multiplier photo-cell. The arrangement is 
shown diagrammatically in Fig. 1. A light source 
edge of the flag (d) on the moving corner of the 
crystal (e) (Rothermel, 4D41), Fine adjustment of 18-1. Section of mechanical stimulator and 
the position of this image is obtained by adjustment  °Ptic#l recording system. (a) 6 V, bulb; 
reflected by the prism (f) and the area of light (J) prism; 
narrowed so as just to cover the cathode of the posi er tema aa 
stage;(j)universalclamp;(k)screw 
electron multiplier photo-cell (g) (Mazda 27M2) by adjustment of stage height 
lens (i). The form of the stimulator movement could 


then be recorded with the cathode-ray oscillograph (Fig. 2) at any time during an experiment, and i 
this enabled the rising phase of the applied voltage to be so adjusted as to produce a movement 
— ee The need for a damping oil film as previously used 
was avoided. 
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Fig. 2. Record of pulse shape from the optical recording system of the stimulator. Top trace, 
mechanical movement as movement about 4. Time marks, 3 kcyc./sec. 


RESULTS 


Threshold 


A rectangular mechanical pulse of longer duration than the refractory period 
of the preparation, when applied to the skin, can set up one or more impulses 
at both the ‘on’ and ‘off’ of the pulse (Fig. 3a, 6). The threshold at the ‘on’ 
was always appreciably lower than that at the ‘off’ and about ten times greater 
than that observed by us with the Pacinian corpuscle preparation. This result 
was to be expected, since the nerve endings in the frog’s skin preparation were 
not isolated. Thresholds also tended to be irregular, probably because of small 
movements between the skin and stimulator. As a result of the high threshold, 
and the limitations of the stimulator, the maximum stimuli obtainable were 
between 2 and 6 times threshold. Threshold stimulation at ‘on’ or ‘off’ always 
resulted in a single impulse; repetitive discharge has sometimes been obtained, 
however, with larger stimuli. In the following observations we have confined 
ourselves to an analysis of the ‘on’ response. 

The threshold for a second action potential was measured in seven prepara- 
tions, two of which were from the same animal. In most of these the maximum 
available stimulus failed to elicit a second response, the result is indicated in 
Table 1, col. 6, as greater than the maximum available stimulus. This is 
expressed as a multiple of the threshold observed for a single impulse, when 
stimulated by a rectangular pulse of infinite duration. In the other three, the 
threshold for a second impulse ranged from 1:4 to 5-7 times that of the first. 

When a comparison of the thresholds with mechanical pulses of short 
(approx. 0-4 msec.) and infinite duration was made, considerable variations 
were found between individual experiments and between different observations 
during one experiment (see Table 1). Col. 4 gives the thresholds to short 
stimuli as multiples of those to long ones. As the photoelectric a 


A: 
A 
{ 
f 
3 
~ 
2 
4 
4 
A q 
4 
; 
3 
3 
4 
a 
7 
3 P 
a 
; 
4 
ulb; 
g 
Bil 
york- q 
are Ww 
d 
ment 


4 J. A. B. GRAY AND J. L. MALCOLM 


for recording exact mechanical pulse shapes were not introduced until late in 
the series of experiments, we had inadequate information about the pulse 
shape at short durations and, hence, strength-duration curves are not given. 


Fig. 3. (a) Top beam marks stimulus strength and duration; bottom beam, record from cutaneous 
nerve. On threshold. Latency from beginning of stimulus to on response =5-9 msec, Time 
bar=10 msec. (b) Ditto, same amplification and time. Off threshold. Stimulus =3-7 x thres- 
hold. On latency =1-5 msec. The small action potentials come from other endings. (c) 
top beam, stimulus; bottom beam, recording from cutaneous nerve. Threshold to stimulus 
with rising time of 0-3 msec. Time bar =3 msec. (d) Ditto, same amplification, but time bar = 
50 msec. No excitation with a stimulus rising in 52 msec. to a strength 3-7 x rheobase. 
(a and 6, same preparation as Fig. 4;.c and d, same experiment as Fig 5.) . 


In the range from 0-35 to 0-45 msec., we were sure that the damping was not 
reducing the maximum stimulus amplitude, and therefore the means of those 
observations whose duration fell within this range are given in Table 1, col. 5. 


The mean of these values is 1-3 with a standard deviation about the mean 
of 0:2. 
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The interval between the beginning of a rectangular mechanical pulse and 
the appearance of an impulse at the recording electrodes was recorded for 
different stimulus strengths (Fig. 3a, b). A typical curve for a stimulus of 

TaBLE 1. Thresholds for short pulses and for thresholds as — 
| of thas for pules of infinite 
| Daily with 
mean i 
No. of Duration of Threshold to duration infinite 


(6) 
19. v. 49 1 0-30 2-2 — >4-8* 
7. vi. 49 0-43 1-2 1-2 
8. vi, 49. 1 0-45 1-4 — — 
2 0-54 1-2 
3 0-45 “hdl 1-3 
13. vi, 49(a) 1 1-4 
13. vi. 49 () 1 — 1-7 
16. vii. 49 1 0-39 0-9 — —_ 
2 0-39 09 
| 3 0-43 1-1 1-0 _ 
28. vi. 49 1 0-4 14 
2 0-42 1-4 — — 
3 0-42 1-1 
4 0-4 1:3 1-3 
27. vii. 49 0-43 1-5 
4 0-41 1-6 
24. viii. 49 1 
2 0-36 1-5 1-5 
22. ix. 49 1 
2 0-28 0-8 
27. ix. 49 1 0-43 1-0 10 _ 
28. ix. 49 1 0-39 1-2 
2 0-39 1-1 1-2 
30. ix, 49 1 0-31 0-8 
. 3 0-31 0-8 
8. xi. 49 0-46 1:7 
2 0-44 1-4 
4 0-42 1-6 15 
Mean 1:3 
02 


* Maximum available stimulus. 


duration 0-43 msec. is given in Fig. 4. The observed time includes the con- 
duction time between the sense ending and the recording electrodes, and the 
true latency between the beginning of the stimulus and the initiation of the 
nerve impulse. Since the ending was not isolated, it was neither possible to 
measure the true latency directly nor the conduction time alone, and to deduct 
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it from the obtained value. Essentially the shapes of the curves obtained with 
long and short duration stimuli were the same. With increasing stimulus 
strengths the two curves always approached each other until they reached the 
same level. There was, however, this difference, that the maximum latency was 
longer with long than with short duration stimuli. The possibility that the 
bigger stimuli excited more central points on the nerve cannot be excluded. 
However, the sharp localization of each sensitive point makes such an explana- 
tion improbable. 
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Stimulus strength 


Fig. 4, Latency curve. Ordinate, latency and conduction time, msec, Abscissa, stimulus strength 
as multiple of threshold. Pulse duration, 0-43 msec. 


In Table 2 the results of all experiments have been tabulated in such a way 
that the relevant points can easily be seen. Cols. 3 and 5 give the largest and 
the smallest observed intervals between the beginning of stimulus and appear- 
ance of action potential for long and short duration stimuli. Another measure 
of maximum value was obtained by taking the mean of all the intervals 
recorded with stimuli within 10% of threshold strength. These values are 
given in col. 4, the number of observations being given for each value in 
brackets. The figures in col. 6 were obtained by subtracting the smallest from 
the largest intervals. Since it is improbable that the conduction time, even 
after threshold stimuli, is longer than the recorded minimum interval, this 
difference represents something smaller than the true threshold latency. : 

The results show: (a) that the mean latency for short duration stimuli must 
be greater than 3-1 msec. with a standard deviation of 1-4 msec.—this time is 
long compared with the latencies found in experiments on electrically stimu- 
lated frog’s nerve (Blair & Erlanger, 1936); (b) that there are definite differences 
in the latencies after short and long duration stimuli. As is seen from the figures 
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of col. 7, the observed intervals for short duration stimuli are in the mean 0-71 
times {s.D. 021) those for long duration stimuli. Since in these calculations the 
conduction time could not be excluded, the true difference would be even 
greater. In this respect the results differ from corresponding results so far 
obtained on Pacinian corpuscles. | 


TaBxEx 2. Latencies in initiation of impulses after long and short duration stimuli 


Mean Ratios short to 
Max threshold Min. long stimulus 
Duration latency latency latency on 
Preparation  (msec.) (msec.) (msec.) (msec.) Col.3-col.5 col. 3 col. 4 
(1) (2) (3) (4) a: Spas (7) (8) 
19. v. 49 0-30 51 3-4. (8) c. 0-7 0-77 0-64 
6-6 5-3 (6) c. 0-7 
0-29 3-7 3-0 (7) ¢. 12 0-69 0-57 
5-4 5-3 (3) c. 1-2. 
7. vi. 49 o . 63 4-7 (11) — — 0-70 0-87 
0-43 4-4 3-7 (10) 
8. vi. 49 2-5 2-3 (5) 0-80 0-83 
0-45 2-0 1-9 (7) 
13. vi. 49 13-0 8-5 (11) 13 11-7 
14-6 12-6 (8) 1-6 13-0 
16. vi. 49 ) 5-7 4-2 (12) 1-2 4-5 1-10 1-02 
0-43 6-3 4-3 (15) 1-2 5-1 
28. vi. 49 0-40 2-9 2-3 (18) 1-1 1-8 0-21 0-35 
13-8 6-6 (25 11 12-7 
0-39 46 3-0 (9) 1-1 3-5 0-92 0-91 
27. vii. 49 r 5-8 4-5 (12) 1-3 4-5 0-66 0-67 
0-43 3-8 3-0 (18) 13 2-5 
28. viii. 49 c 3-5 2-8 (17) 1-3 2-2 0-80 0-76 
0-36 3-2 2-5 (11) 13 1-9 
44 3-8 (11) 1-3 31 — 
8. xi. 49 73 5-8 (6) 0-38 0-43 
0-46 2-8 2-5 (9) 
6-0 4-9 (5) ~ 0-42 0-47 
0-44 2-5 2-3 (5) 
0-42 31 2-6 (6) 0-27 - 081 
11-5 8-3 (6) poo 
Mean of daily means 6-8 5-1 6-5 
= 3-9 
Mean of means 3-8 3-1 3-1 
8.D, of daily means 13 0-9 1-4 
Linearly increasing displacements 


A series of experiments have been carried out to measure the changes of 
threshold associated with different rising times of stimulus. Linearly rising 
pulses have been used and, in the majority of experiments, the displacement 
remained at a steady level after the end of the rising phase. In one late experi- 
ment, we were able to cut off the pulse at the end of the rise, the falling time 
being just slow enough to prevent oscillation, and to compare it directly with 
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8 J. A. B. GRAY AND J. L. MALCOLM | 
maintained pulses. There was no significant difference between the thresholds 
obtained with the two types of pulse except with short rising times, when the 
ordinary difference between the threshold to short and long pulses was observed. 
In all experiments the rising time was set to the required value for each observa- : 
tion, and the threshold found by adjusting the stimulus strength (Fig. 3c,d). 


100 1000 10,000 
Rheobases per sec. 2 
_ Fig. 5. Thresholds with linearly rising pulses—plateau maintained. Ordinate, threshold as 
multiples of rheobase. Abscissa, speed of rise of pulse in rheobases per sec. (log scale). — 
Rheobase = threshold to a rectangular mechanical pulse of infinite duration. 5 eae 


Tastx 3. Values of critical slope 


Reciprocal of slope 
Slope (msec.) 
Preparation (rheobases/sec.) (approximating to A) 
19. v. 49 26 38 
8. vi. 49 260 38 
28. vi. 49 60 17 
27. vii. 49 32 31 
24. viii. 49 73 14 
22. ix. 49 24 42 
28. ix. 49 33 30 
44 23 
30. ix. 49 25 40 
| 43 23 
8. xi. 49 <2 >500 
Daily mean 61 at, 
pies. 41 29 
uding 
8. vi. 49 and 
8. xi, 49 


A typical example is shown in Fig. 5, in which rate of rise of the stimulus is 
plotted against stimulus strength. It will be seen that there is a critical slope, _ 
at which point the curve turns towards an infinitely high threshold. Table 3 _ 
gives the values of these critical slopes in terms of rheobases per sec., and its — 
reciprocal, in msec., which approaches Hill’s A (Hill, 1936). ‘ 
Except for two experiments, the results are moderately homogeneous. Of 
the two exceptions, the low value <2 R/sec. (18 Nov. 1949) was probably due 
to the fact that the frogs had hibernated by the time this experiment was done. 
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The interval between the end of the rising phase and the action potential 
did not shorten significantly until the critical slope was approached. For 
example, in the experiment of 8 June 1949, in which the critical slope was 260 
rheobases per sec., i.e. 1 rheobase in 4 msec., the interval shortened when the _ 
rising time was increased to between 4-5 and 6 msec. (Fig. 6). In the experi- 
ment of 24 Aug. 1949, in which the critical slope was 73 rheobases per sec., 


“~ 


Latency (msec.) 


0-1 | | 1 10 
Rising time (msec.) 

Fig. 6. Intervals between the end of the linearly rising phase of a long mechanical pulse and the 

action potential. Ordinate, interval msec. Abscissa, rising time of pulse, msec, The points are 

means of several observations and the limits represent 2 x standard error of the mean. 


i.e. 1 rheobase in 14 msec., the interval shortened between 10 and 18 msec. 
rising time; while in the experiment of 8 Nov. 1949, with a critical slope less 
than 2 rheobases per sec., i.e. 1 rheobase in more than 500 msec., the interval 
shortened when the rising time was between 50 and 90 msec. From these 
experiments it is obvious that there is some relation between the rising time 
at which the interval shortens and the time required for the rise of 1 rheobase 
at the critical slope, and it is almost certain that a part at least of this decrease 
is because conditions adequate for excitation are established before the end of 
the stimulus rise. The fact that the latency from the end of the rise of the 
stimulus remained nearly constant except at the longest rising times, suggests 
that the latency is determined by a process that does not commence until 
threshold is nearly reached. 3 | 
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In four experiments the ‘excitability’ of the ending was tested at various 
intervals after the beginning of a subthreshold stimulus. The test stimulus was 

always a short mechanical pulse of a duration between 0:35 and 0-54 msec. 
The experiments were done with conditioning stimuli of duration both infinite 


and of the same order as the test stimulus. The results of the experiment shown 


in Fig. 7 are typical, except the last point with the long conditioning stimulus. 


In this experiment at the point at 49 msec. the contribution of the conditioning 
stimulus was zero. In all other experiments, however, including another four in 
which test stimuli were applied at intervals from 20 to 360 msec., it was found 
that, at intervals longer than 40 msec., the threshold remained constant and the 
conditioning stimulus still contributed up to 35% of the threshold to a test 
stimulus. The results obtained with short conditioning stimuli gave no definite 
evidence for or against alteration of ‘excitability’ after the end of the stimulus. 
The small negative deflexion in Fig. 7 was not consistently observed, Because 
of the irregularities in threshold (see ‘Threshold’), it has not been practicable 
to describe the curves obtained in more exact quantitative terms. | 


% 
1 
40- 
30 
10F oh 29°." 
0 3 4 Bx 6 = 
y msec. 
-20 


Fig. 7. Summation curves. Ordinate, contribution of conditioning stimulus as a percentage of the 
teat pulae threshold, ‘Le. 109 where S, =threshold of test shock alone, S,=threshold 


of test shock at time ¢ after beginning of conditioning pulse. Abscissa, time after beginning 
of conditioning stimulus, msec. @—@ conditioning stimulus of infinite duration at 66% of 
its own threshold. Test shocks 0-42 msec. duration. x— x conditioning stimulus of 0-6 msec. 
duration at 80% of its own threshold. Test shock 0-34 msec. duration. , 


DISCUSSION 


Our results obtained on the touch receptors of the frog’s dorsal skin with long, 
rectangular, mechanical pulses have shown the threshold for a repetitive dis- 
charge to be usually above the limit of our stimulator, i.e. 3-3 to 5-8 times 
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threshold for a single impulse. These figures are high compared with the 
majority of the figures given by Erlanger & Blair (1938), who used bundles of 
sensory fibres from the leg. These fibres must have included many from pro- 
prioceptors, which might be more slowly adapting than frog’s touch receptors 
(Adrian, Cattell & Hoagland, 1931). By using bundles of fibres they were, of — 
necessity, recording from those fibres with the lowest threshold for repetition 
and, in consequence, their experiments are not strictly comparable with 
ours. 

‘No complete strength-duration curve has been obtained, but the ratio 
between the thresholds for long and short (0-4 msec.) stimuli gives one point 
on this curve (Table 1, col.5), and this may be compared with the corresponding 
points on the curves given by Lucas (1907a) and Blair & Erlanger (1936) for 
nerve. Such comparison suggests that the curves may be similar in nerves 
and touch receptors. 

The latency curves obtained here have the same general form as those found 
with the cat’s mesenteric Pacinian corpuscle (Gray & Malcolm, 1950). In the 
present experiments on frog’s skin it was impossible to find out the exact — 
minimum latency between stimulus and initiation of action potential, but even 
if the observed minimum interval was entirely conduction time, the maximum 
latency observed after a short pulse was still approximately twice as long as _ 
that recorded from the Pacinian corpuscle. The minimum latency is obtained 
from the touch receptors in frog’s skin with stimuli of three to four times 
threshold. In corresponding experiments on Pacinian corpuscle, the minimum 
latency was only obtained if the stimulus was greater than ten times 
threshold. 

These long latencies after short (0-4 msec.) pulses are of quite a different 
order of magnitude from the latencies in nerve after electrical pulses of the 
same duration (Blair & Erlanger, 1936). The latencies in Pacinian corpuscles 
have been explained on the assumption that the part of the nerve depolarized 
by the mechanical stimulus is shorter than the length essential for propagation, 
but that if this depolarization is great enough it may spread until a sufficient 
length is depolarized for the initiation of a propagated response. The same 
explanation could apply to the even longer latencies observed in frog’s touch 
receptors. The parameters of these latency curves must depend on a number of 
factors if our explanation is correct; the physical properties of the membrane, 
the time course of the active process and the structure of the ending may all 
play a part. Structurally, the Pacinian corpuscle and the touch receptor of 
frog’s skin are very different. The Pacinian corpuscle has a highly specialized 
capsule, the axon terminating in only a few, probably only one or two, short 
branches, and it is rare for one axon to supply more than one corpuscle, though 
it may supply some small capsulated endings of much simpler structure 


(Sheehan, 1933). On the other hand, the frog’s touch receptors are networks 
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of branching axons; there is no capsule or specialized histological structure 
and each axon branches into a considerable number of long, terminal filaments, 
which spread out over areas as large as 100sq.mm. (Ecker & Wiedershein, 
1896; Adrian, 1926; Adrian et al. 1931). Ecker & Wiedershein also describe 
a more specialized type of ending, and these may have been stimulated in some 
experiments, but it seems unlikely that these formed the majority. It is 
interesting that two such different types of ending should show the same 
type of behaviour as far as the latency after a short mechanical shock is 
concerned. 

With maintained mechanical pulses, the maximum values are appreciably 
bigger than after short pulses. This difference suggests that an appreciable 


depolarization must be maintained during a steady pressure. In this respect: 


the result differs from that so far obtained from the Pacinian corpuscle. 

The curves relating threshold to the rate of rise of the stimulus are of some 
interest. The curves have the same general form as those obtained by Lucas 
in nerve with linearly increasing currents, and the numerical values found, 
though variable, are of the same order of magnitude (Lucas, 19076; Fabre, 
1927). The relation between a local potential and the rate of rise of stimulus 
must be considered in interpreting these results. Katz (1950) has shown that 
in the frog’s muscle spindle there is a local potential change whose magnitude 
is dependent on the rate. of increase of the tension. He considers whether a 
change of membrane capacity might be able to explain this effect. If this were 
true of frog’s touch receptors one would expect a considerable increase of 
threshold if the rising time of the stimulus were as long as, or longer than, the 
membrane time constant. The longest membrane time constants for nerve 
so far reported are 6-8 msec. for crab axons (Hodgkin, 1947), and 2-3 msec. 
for lobster axons (Hodgkin & Rushton, 1946); but these are shorter than the 
rising times at which we found an increase of threshold in frog’s touch receptors. 
It would seem, therefore, either that these endings do not show a velocity 
sensitive component of the local response, or the velocity sensitive component 
is not explicable in this way. The curves of rate of rise of stimulus against 


threshold could be explained entirely as nerve accommodation to a steady — 


local depolarization, and the general quantitative agreement between our 
figures and those given for frog’s nerve would fit with this view. 

It has been suggested in connexion with the latencies between the end of the 
linearly rising stimulus and ‘the action potential, that the process responsible 
for the latency does not begin till the stimulus approaches threshold. Thus our 
results are consistent with what is known of the development of the local 
response which, while detectable with smaller stimuli, is of appreciable size 
only when the stimulus approaches threshold (Hodgkin, 1938). 

The summation curves using a mechanical test shock are complicated by the 


long latency that normally follows this short test shock. On this account one 
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would not expect to detect a gradual building up of potential at the ending, 
even if it occurs. It is, therefore, not surprising that the beginning of these 
summation curves is different from the first part of those presented by Erlanger 
& Blair (19315) for the electrical excitation of frog nerve, and different from 
the curves we published previously of the excitability of Pacinian corpuscles 
after short, subthreshold, mechanical pulses tested with short electrical shocks. 
However, the falling part of our curves with long subthreshold conditioning 
stimuli are similar to those presented by Erlanger & Blair. In comparing the 
beginning of the curve with the facilitation curves of our previous paper, it 
must also be remembered that there is a spatial difference; in the previous 
experiments the electrical test shocks were applied perhaps as much as 1-2 mm. 
from the site of initiation of the non-propagated response. Furthermore, after 
the end of a short conditioning pulse we have not seen any summation, and in 
this our present results differ from those described previously, but the nature 
of the test shock would tend to obscure such an effect. Also if, as we have 
suggested, spatial spread is involved in setting up a propagated response, 
the test shock would be producing a non-propagated potential in a region 
whose excitability might be depressed by a first non-propagated potential 
(Erlanger & Blair, 19314). | 
In this discussion some general comparisons between our results on the touch 
receptor and some of the classical results on the excitation of nerve have been 
made. Such comparisons must inevitably be vague, since the nerves used, the 
temperature, and other conditions, have differed. Also the classical work was 
largely done on bundles of fibres, a procedure which usually emphasizes the 
slowly accommodating fibres, whereas the response of only a single fibre has 
been observed in these experiments. The reliability of some of the work on 
accommodation has been questioned on two grounds. Parrack (1940) suggested 
that accommodation was found only in excised nerves, and that under normal 
conditions in the intact animal accommodation did not occur. Others, how- 
ever, have found accommodation in man (Solandt, 1936; Granit & Skoglund, 
1941; Kugelberg, 1944) and in non-excised mammalian nerve (Skoglund, 1942; 
Gray & Matthews, 1951). Polarization in the preparation, and in particular 
of the nerve sheath (Bishop, Erlanger & Gasser, 1928; Rashbass & Rushton, 
1949) during a constant current may be partly responsible for some of the 
results obtained and such changes would, of course, have no bearing on the 
accommodation of sensory endings. All experiments on accommodation can be 
criticized on one or other of these grounds, and it is difficult at present to say 
how far polarization changes have distorted any particular result. 
As the adaptation of the ending may be brought about by processes other 
than the accommodation of the axon, it is obvious that our results cannot give 
information about nerve accommodation. 


Ds J > 
3 
aa 
4 
4 
i 
+ 
id 
: 
Fe 
i = 
J 
i 
. 
“< 


14 J. A. B. GRAY AND J. L. MALCOLM 


SUMMARY 


1. The behaviour of touch receptors in the frog’s skin has been investigated 
by stimulating with mechanical pulses of controllable shape, duration and size. 

2. Repetitive firing was seen in only two animals, when using maximum 
stimuli, which varied from 2 to 6 times threshold. The mean ratio between 
the threshold for pulses of approx. 0-4 msec. and infinite duration was 1:3, 
the standard deviation between preparations being 0-2. 

3. The mean threshold latency for stimuli of infinite duration was 5-1 msec., 
with a standard deviation between preparations of 2-3 msec, With short stimuli 
the corresponding figures were mean 3-1 msec, and standard deviation 0-9. 

4. Using linearly rising pulses, a critical slope was found, below which it was 
impossible to stimulate. The mean value of the critical slope was 61 rheobases 
per sec. 

5. The excitability during and after both short and long subthreshold 
conditioning pulses has been tested with short mechanical pulses. After the 
beginning of the long pulse, the contribution to threshold provided by the 
conditioning stimulus fell until not later than 40 msec. it ceased to decrease, 
while still contributing up to 35% of the threshold level. After the end of the 
short conditioning pulses no residual excitability was seen. 

6. These results are compared with the findings of other authors on hon 
nerve, and with our own results on Pacinian corpuscles. Their significance is 
discussed. 


Our thanks are due to Prof. G. L,, Brown for hie help and encouragement during this work; 
to Dr W. Feldberg for his comments on the draft paper; and to Dr L. C. Thomson for his help with 


the design of the optical system in the stimulator. 
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THE RESPONSE OF MECHANORECEPTORS TO 
THERMAL STIMULATION 


By HERBERT HENSEL anp YNGVE ZOTTERMAN 
From the Department of Physiology, Kungl. Veterindirhégskolan, Stockholm 
(Received 4 January 1951) | 


In our previous experiments on the thermoreceptors of the tongue of the cat 
and dog (Zotterman, 1936; Hensel & Zotterman, 1951a-d) we could in some 
cases, when cooling the tongue, not only observe the well-known small cold 
spikes but also large spikes of an amplitude 3 to 5 times as large as the cold 
spikes. It seemed to us probable that these impulses originated from the 
pressure and touch receptors when cooling the receptive field. Several investi- 
gators have already assumed that the pressure receptors might be stimulated 
by cooling. Weber demonstrated in 1851 that cold weights seemed heavier than 
warm ones (‘ Weber’s deception’). The pressure sensation caused by cooling the 
skin has been subject to thorough examination by other workers. Kiesow (1911) 
confirmed the ‘Weber deception’ and also succeeded in provoking sensations of 
pressure by application of drops of ether and chloroform to the skin. Von 
Frey (1916) however attributed these pressure sensations to ‘a numb cold pain’ 
and not to stimulation of the mechanoreceptors by the cooling, whereas 
Goldscheider & Hahn (1925), from experiments with various solutions, came to 


the conclusion that the mechanoreceptors actually respond to cooling (in _ 


a smaller degree perhaps also to heating). A number of experiments described 
below were made in order to find out whether a thermal stimulus can affect 
the mechanoreceptors. 
METHODS 3 

_ The experiments were performed on cats. Thermal stimuli were applied to the tip of the tongue 

while leading off the action potentials from thin strands of the lingual nerve. The operative technique, 
preparation of the nerve, methods of thermal stimulation and of recording the temperature and 
the action potentials have been previously described (Zotterman, 1936; Hensel, 1950; Hensel & 
Zotterman, 19514). We tried to split up the lingual nerve into the thinnest possible strands and to 
pick out such as showed large spikes as well as small cold spikes. 

In order to identify the function of these large spike potentials we tried to eliminate the pressure 
receptors by means of local anaesthesia or local heavy pressure. The mechanoreceptive area was 
localized by touching the tongue with a thin wire while listening to the pressure impulses in the 
loudspeaker. The surface of the tongue was wiped to prevent spread of anaesthetic, and the recep- 
tive field pricked with a fine needle and a very small drop of anaesthetic (Xylocain-Exadrin 1%) 
applied in the wound. The disappearance of the pressure impulses was then tested by mechanical 
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stimulation of the anaesthetized area. When the pressure impulses were not completely abolished, 
the procedure was repeated until this occurred. 

For the mechanical elimination of the pressure receptors we selected single pressure fibres, of 
which the receptors were situated at the very margin of the tongue. After exact localization the 
receptive field was heavily compressed by means of a fine clip. The disappearance of the pressure 
impulses was then controlled in the way described above. 


RESULTS 


Our experiments showed clearly that spikes, of an amplitude 3 to 5 times that 


of the small cold spikes, could be elicited by cooling only in preparations 
containing mechanoreceptors. Preparations which did not respond to mechani- 
cal stimulation of the tongue never showed the large spikes when cooling the 
tongue, but only the typical small cold spikes (cf. Zotterman, 1936). 

When the preparation contained a single pressure fibre, the burst of large 
spikes elicited by cooling displayed all the features of a single fibre discharge 
with spikes of the same amplitude as those produced by pressure. In none of 
our experiments did we find any exception to this behaviour. 

Fig. 1 shows records of the action potentials from a thin strand of the lingual 
nerve and of the temperature of the surface of the tongue when applying a 
large-surface thermode, covering the entire front part of the tongue. Fig. 1A 
shows the spikes recorded when a light pressure was applied to the thermode 
kept at a constant temperature of 41° C. The preparation seems to contain only 
a single functioning pressure fibre. The records Fig. 1 B-E were made when 
cooling the tongue to various levels. When cooling from 41 to 22° C. (Fig. 1B) . 
the typical small cold spikes appear immediately after the start of the cooling, 
but, with a latency of about 0-03 sec., a single fibre discharge of twenty-three 
larger spikes also appears. The latter are of an amplitude 3-5 times that of the 
cold spikes and identical with those of the pressure impulses in record 1 A. The 
frequency of the large impulses decreases rapidly and falls to zero after 1-7 sec., 
whereas the small cold spikes continue indefinitely if the temperature is kept 
constant (Hensel & Zotterman, 195la). When cooling from 41 to 26° C. 
(Fig. 1C), the large single fibre discharge appears again with the typical small 
cold spikes. In this record, however, it has a latency of about 0-07 sec., a 
considerably lower frequency, a total of only 7 impulses and disappears after 


0-9 sec., in contrast to the specific small cold spikes which remain. When cooling 


from 41 to 29° C. the discharge of the large spikes appears after a latency of 
0-11 sec. and shows a still lower frequency (Fig. 1D). A cooling from 41 to 32° C. 
(Fig. 1Z) does not produce any large spikes, but only the typical small cold 
spikes, 

Fig. 2 shows the action potentials from a thin strand of the lingual nerve 
containing two or three cold fibres and a single pressure fibre, the spike ampli- 
tude of which amounts to 3 to 4 times that of the cold spikes. In these experi- 
ments we used a very small thermode with a diameter of 4 mm. _— 
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exactly to the receptive field of the single pressure fibre. Fig. 2.4 shows a record 
when keeping the immobilized thermode at a constant temperature of 41°C. 
There are no impulses to be noted. When applying @ pressure to the thermode 
(Fig. 2B), a discharge of a single pressure fibre appears but no small spikes 
appear in response to mechanical stimulation of the tongue. Fig. 2C enowe 
a record when cooling the completely immobilized thermode from 40 to 15° C. 


40r °C, 


Fig. 1. Records of the action potentials from a thin strand of the lingual nerve when applying 
mechanical and thermal stimuli to the tongue. The thin line shows the temperature of the 
tongue. A: pressure. B: cooling from 41 to 22°C. C: cooling from 41 to 26°C. D: cooling 
from 41 to 29°C. EH: cooling from 41 to 32° C. Time marks, 50 cyc./sec. 


The cooling proceeds fairly slowly, because of the low speed of the ‘cooling 
water in the small thermode. During the entire cooling there is a discharge of 
small cold spikes, but when the temperature change passes 25° C., large spikes 
also appear, the form and amplitude of which is the same as that of the spikes 
produced by mechanical stimulation. (The amplification in Fig. 2C is about 
15% smaller than in B and D. The spike amplitude in Fig. 2 B—D is the same.) 
A few seconds later (Fig. 2D), the discharge of the small cold spikes has in- 
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creased somewhat, whereas the frequency of the large spikes has decreased 


produces a short burst of four spikes, identical in form and amplitude with the 
large spikes which had been elicited by the cooling. The fact that with a single 
functioning pressure fibre, local pressure, local cooling, and also local pressure 


during the cooling, always elicited the same single fibre discharge, shows that 
all these spikes must be traced to one and the same receptor. 


j 


Fig. 2. Action potentials from a few cold fibres and a single pressure fibre in the lingual nerve. The 
thin line shows the temperature of the tongue when applying local mechanical and therma - 
stimuli to the receptive field of the single pressure fibre. A: when keeping the immobilized 
thermode at.a constant temperature of 41°C. B: local pressure. C’: during local cooling from 
41 to 15°C. D: local pressure after cooling. The arrow indicates the onset of the pressure. 
Time marks, 50 cyc./sec. | % 


Fig. 3 shows an éxample of an experiment with local anaesthesia. For this 
experiment we used a thermode with a large surface. Fig. 3.4 shows the pressure 
impulses set up by two pressure stimuli on the thermode kept at 40° C. The 
preparation apparently contains two functioning pressure fibres. On cooling 
from 40 to 15° C. (Fig. 3B) a discharge of the same spike amplitude as that of 
the pressure impulses appears, with small cold spikes in addition. After local 
anaesthesia of the closely adjacent pressure receptors on the tip of the tongue 
no response to pressure was present (Fig. 3C). The arrows indicate pressure on 
the thermode. At the same time the large monophasic spikes caused by cooling 
disappear (Fig. 3D), whereas the small cold spikes are still elicited. Some 
thermoreceptors may also have been anaesthetized, as the cold ee . 
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later than in Fig. 3B. Fig. 3# shows a record during recovery from anaesthesia. 
On cooling, a discharge of large monophasic impulses again appears. The total 
duration of the discharge and the frequency is however still small, suggesting 
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Fig. 3. Action potentials from a thin strand of the lingual nerve when aiins masbanienl and 
thermal stimuli to the tongue. The thin line shows the temperature of the tongue. A: pressure. 

B: cooling from 40 to 15° C. C: pressure after local anaesthesia of the pressoreceptive field. The 
ee D: cooling from 40 to 15° C. #: cooling from 40 to 

G, duzing recovery anaesthetized receptors. F: pressure. G: cooling from 40 to 

15° C. after complete recovery. Time marks, 50 cyc./sec. | 


that recovery is not yet complete. The response to pressure has also returned, 
as shown in Fig. SF. (The amplification in Fig. 3# and F is somewhat smaller 
poe a oe ag records.) Fig. 3G shows a record taken after recovery. 
om 40 to 15°C. produces a burst of i identi 
of large impulses identical with 


13 
‘a 
a 
4 
40F 
a ¢ 
20 
4 
: 
20 
2 ( 
a 
40 
BY 
| 20 
- 
2: 
¢ 
ad 
q 


THERMAL STIMULATION OF MECHANORECEPTORS 21 


Fig. 4 shows the elimination of the large spikes by means of local pressure on 
the mechanoreceptors. This preparation contained a single pressure fibre, the _ 
end organs of which were situated at the very margin of the tip of the tongue. 
The record in Fig. 4.4 shows the discharge of the single pressure fibre when 
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Fig. 4. Action potentials from a thin strand of the lingual nerve when applying mechanical and 
thermal stimuli to the tongue. The thin line shows the temperature of the tongue. A: pressure. 
B: cooling from 40 to 20° C. C: pressure after elimination of the pressure receptors by means 
of local pinching. The arrow indicates the onset of the pressure. D: cooling from 40 to 20° C. 


E: cooling from 40 to 20° C. after recovery of the pinched mechanoreceptors. F: pressure. 
Time marks, 50 cyc./sec. 


pressure was applied to the large thermode, and a constant temperature of 
40° C. was maintained. No small spikes are observed during pressure. On 
cooling from 40 to 20° C. (Fig. 4B) small spikes appear at once, whereas large 
spikes appear about 0-6 sec. later. The variation of the amplitude of the large | 
spikes is due to a partial summation of the large spikes and the small cold 
spikes. The long latency of the large spikes in response to cooling may be 
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partly due to the pressure receptors lying deep in the tongue. After local 
pinching of the circumscribed receptive field of the pressure fibre at the margin 
of the tongue a pressure stimulus is again applied to the thermode (Fig. 40). The 
arrow indicates the onset of the pressure. The small deflexion is an electrostatic 
effect when touching the thermode with the finger (see also Fig. 4.4). Neither 
large nor small spikes can be observed. Cooling from 40 to 20° C: (Fig. 4D) 
leads to a normal discharge of the small cold impulses, in contrast to the com- 
plete abolition of the large fibre discharge. Fig. 42 shows a record during 
recovery. Following cooling, one large spike appears after the very long latency 
of about 1-4 sec. Sensitivity to pressure also returns, as shown in Fig. 4 F. 

Fig. 5 shows for comparison the response of a ‘normal’ pressure fibre, the 
receptors of which do not respond to thermal stimulation, and represents the 
vast majority of all pressure fibres. The preparation contains a single pressure 


Fig. 5. Action potentials from a single pressure fibre of the lingual nerve when applying mechanical 
_ and thermal stimuli to the tongue. The thin line shows the temperature of the tongue. A: 
pressure. B: cooling from 40 to 9° C. Time marks, 50 cyc./sec. 

fibre, but no cold fibres. This fibre responds to pressure as shown in Fig. 5.4, 
but not to cooling from 40 to 9° C. (Fig. 5B). No discharge, either of large or 
of small spikes, can be observed. 3 
Whether the pressure receptors respond in the same way to heating as to 
cooling cannot yet be safely stated. Such a reaction might occur in exceptional 
cases but we have not been able to make any clear observations of this. 


DISCUSSION 


Our experiments demonstrate on the one hand the existence of specific pressure 
fibres and pressure receptors which are not excitable even by strong thermal 
stimulation; on the other hand they confirm the findings, described by one of 
us (Zotterman, 1936) and again proved in later investigations (Hensel & 
Zotterman, 1951a-d), that the small cold spikes originate from specific cold — 
fibres (2-3-5 1.), which do not respond to mechanical stimulation. 

There is, however, also a third, smaller group of fibres or receptors, responding 
to pressure as well as to cooling. According to our present observations, the — 
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largest type of pressure fibres (12-15 1.) seems to be highly specific for pressure ; 
the spike amplitude of this type may amount to 8-10 times that of the cold 
impulses, On the other hand, the pressure fibres which also respond to cooling 
are smaller (8-10) with a spike amplitude 3-5 times that of the cold spikes. 
The mechanoreceptors usually do not respond except to very low temperatures 
and rapid cooling, whereas the thermoreceptors are able to respond to cooling 
of some tenths of a degree below 40°C. The most important difference is, 
however, that whereas the response of the mechanoreceptors to cooling dis- 
appears after a few seconds, the cold receptors keep on responding with constant 
frequency as long as a constant low temperature is maintained (Hensel & 
Zotterman, 1951 a). Perhaps, however, the existence of such combined mechano- 
thermo-receptors, sensitive to cooling and to pressure, indicates a common 
basic principle in the function of the thermo-receptors as well as the mechano- 
receptors, 

The experiments show that the receptors, not the nerve stem, are being 
stimulated by cooling, as was the case in the experiments made by Bernhard 
& Granit (1946), von Euler (1947) and Granit & Lundberg (1947). The spikes 
produced by cooling are always identical in form and amplitude with those 
produced by adequate stimulation of the pressure end organs. Even local cooling 
of the very circumscribed receptive area of a single pressure fibre elicits the 
characteristic large spikes, while the nerve fibres will be little cooled. On the 
other hand, a very localized elimination of the pressure receptors by pinching 
abolishes all large impulses, even when a large part of the nerve trunk is being 
cooled by large thermodes. 

It is considered that the response of the pressure receptors to cooling cannot 
be a secondary mechanical effect, due to a local vasoconstriction caused by cold. 
The rapid start of the discharge and the fact that the potentials can be made to 
appear and disappear within intervals of fractions of a second by repeated 
cooling and heating is against this possibility. Further evidence of this is the 
quantitative relationship of the spike frequency to the degree of cooling (Fig. 1), 
the short latencies between the onset of the cooling and the first impulses and 
between the onset of heating and the disappearance of the last spikes; in some 
cases this amounts to only a few hundredths of a second. 


SUMMARY 


1. When cooling the tongue of the cat and dog, it is generally only possible 
to record small cold spikes in the lingual nerve, whereas the large touch and 
pressure spikes cannot be elicited by cooling. In a few cases cooling also sets 
up relatively large spikes in the lingual nerve. Experiments were made to 
investigate whether this response was due to stimulation of the mechano- 
receptors by cooling and gave the following results. 
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2. Large spikes can be produced by cooling only in preparations containing 
mechanoreceptors. 

3. These large spikes usually appear only when cooling strongly and disappear 
within a few seconds at a constant low temperature, whereas small cold spikes 
appear with slight cooling and persist at constant temperatures for long periods. 

4. Preparations giving only single pressure response always show, when 
the pressoreceptive field is cooled, a single fibre discharge of large spikes of the 
same amplitude and form as those elicited by pressure. Pressure applied during 
cooling results in a simple increase of the frequency of the large spikes produced 
by cooling. 

5. Elimination of the end organs of a single pressure fibre by local heavy 
pressure always abolished the pressure impulses and also the large impulses set 
up by cooling. After recovery, the mechanoreceptors again respond to pressure 
as well as to cooling with the same type of impulses. 

6. The experiments show that the mechanoreceptors are stimulated by 
cooling. This cannot be due to secondary mechanical stimulation of the pressure 
receptors by local vasoconstriction, nor to stimulation of the nerve trunk by 
cooling. We have been unable to stimulate the receptors of the largest pressure 
fibres by cooling. | 
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THE CHROMATICITY CO-ORDINATES FOR THE STANDARD 
ILLUMINANTS Sy, Ss AND Sc OF ONE BRITISH AND 
FIFTEEN EGYPTIAN OBSERVERS 


! By I. G. H. ISHAK 
From Ibrahim Pasha University, Cairo, and Imperial College, London 


, (Received 1 February 1951) 


Before 1931, attempts were made to design filters to be used in conjunction 
with particular light sources to produce certain white lights needed in industry. 
_ It was generally conceded that the spectral distribution of such white lights 
must approximate that of daylight, noon sunlight, or a Planckian radiator 
(black body) at some colour temperature. 

Detailed information regarding the different attempts in preparing such 
_ filters and their specifications are given by Davis & Gibson (1931). However, 
the C.I.E. standards S,, S, and Sp are of special importance to the present 
work, so that some particulars about them are necessary. At the meeting of 
the Commission Internationale d’Eclairage (C.I.E.), held at Cambridge in 
September 1931, five resolutions on colorimetry were passed. The effect of this 
series of resolutions was to set up for the first time an agreed basis for the 
expression of colour measurement, agreed sources for illuminating transparent 
and reflecting materials when their colours are being determined, and a 
standard observer for the calculation of colour co-ordinates from a specification 
of light in physical terms. Resolution (2) is the one concerned with the standard 
illuminants and is substantially as follows (Smith & Guild, 1932). 

It is recommended that three illuminants, S,, S, and Sp, be adopted as 
standards for the general colorimetry of materials. S, is a gas-filled lamp 
operated at a colour temperature of 2848° K. S, and S, are composed of the 
same lamp used in combination with liquid filters to raise the colour tempera- 
ture to about 4800 and 6500° K. 

It was also recommended that the adopted spectral energy distribution 
values for each of these illuminants shall be used in the computation of colori- 
metric quantities from spectrophotometric measurements. 

Notes. (i) The spectral energy distribution for source S, may be taken for all 
colorimetric purposes to be that of a black body at a temperature of 2848° K. 

(ii) The spectral distributions of energy given for S, and S, sources were 
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computed from the spectrophotometric measurements of the transmission of 
filters made by Davis & Gibson of the Bureau of Standards. 

It is perhaps worth pointing out that the energy distributions of the three 
sources were proposed by Davis & Gibson, and that it was noticed that irregu- 
larities, clearly indicative of appreciable errors, were present in the spectral 
energy distribution of source A. The yalues finally adopted were computed 
directly from Planck’s law. Only five of the numbers, in addition to the con- 
ventional value 100-00 at 0-56y., of the two determinations agree. No check 
on the figures proposed by Davis'& Gibson (which are now the adopted values) 
for the spectral energy distributions of the sources S, and S, has been published. 


METHODS 


The chromaticity co-ordinates of the standard illuminants 84, 8g and Sq were measured for one 
British (Dr L. C. Thomson) and fifteen Egyptian observers. Light of the illuminant to be matched 
falls on a sector coated with magnesium oxide. This provides the test colour to be matched in the 
usual way using Wright’s colorimeter (Wright, 1946). The units were based on Wright's system, so, 
beside matching the three illuminants, each observer matched the 0-5825 and 0-494. radiations 
on which the units were based. | 

All possible measures were taken to secure complete consistency with the C.I.E. and Davis & 


_ Gibson specifications and recommendations. The standard lamp was calibrated at the National 
Physical Laboratory. ‘Analar’ chemicals were used in preparing the filter solutions. Borosilicate 


colourless optical glass double cells, made by ‘Tintometer’ in accordance with the C,I.E. 
specifications, were used. Two independent preparations of the different solutions were made to 
avoid accidental errors. In order to make sure that the copper sulphate used contained the exact 
proportion of water of crystallization, according to the formula CuSO,.5H,O, three samples were 
analysed in the Chemistry Department of the Imperial College. The analysis of these samples gave 
the percentage of copper as 25-44, 25-29 and 25-51, with an average 25-48%, compared with the 
theoretical value 25-46 %. 


RESULTS 


Columns (3)-(5) of Table 1 give the measured chromaticity co-ordinates of the 
three standard illuminants S,, S, and Sq for the fifteen Egyptian observers, and 
in columns (6)-(8) the computed white points are given for eight of them from 
their tristimulus values (Ishak, 1950) and the adopted spectral energy distri- 
bution of the illuminants, by the usual spectrophotometric procedure in 
calculations (e.g. Wright, 1944). . | 

Table 2, columns (3)-(5), gives the measured white points S,, Sp and Sg for 
L. C. Thomson, and the measured Sz for the only published results made after 
the adoption of the C.I.E. illuminants. This was for three British observers 
(Wright & Pitt, 1935; Nelson, 1937). The calculated three white points for the 
four British observers are given in columns (6)-(8) of Table 2. 

From the tristimulus values given for Guild, Wright, Weaver and Abney 
(Ishak, 1950), and the spectral energy distribution of the three illuminants, 
their white points were calculated and are given in Table 3, together with the 
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8.K.T. Sa 0-381 0-517 0106 0362 0-554 
Ss 0-273 0-501 0-226 0258 0-534 0-208 
So 0-250 0-267 0-218 0-506 0-276 
AM.A. Bi 0-401 0-476 0123 0899 0-498 0-103 
Sp 0-442 0296 0274 0-476 0-250 
So 0-215 0-442 0348 0:228 0-448 0-324 
8.4.8. 0-395 0-463 0-142 0-398 0-478 0-124 
Ss 0-251 0-432 O317 0-263 0-464 0-283 
0-208 0-409 «0-383 0-212 0-428 0-360 
MT. 0-461 0-407 0132 0-451 0-438 0-111 
Sp 0-291 0-407 0802 0308 0-418 0-274 
Be 0-234 0-891 0-375 0-254 08389 0-367 
MK. Sa 0-418 0-445 0137 0403 0-470 0-127 
Sp 0-277 0-420 0303  0:266 0-298 


A.F.Y S84 0-327 0-421 0-252 
Sp 0-204 0-393 

So 0-179 0-380 0-441 

N.M.E S4 0-412 0-476 0-112 
Sz 0-310 0-492 0198 

So 0-278 0-481 0-241 

8.R.E. S4 0-411 0-496 0-093 = 
Sp 0-315 0-520 0-165 

So 0-285 0-507 0-208 
A.M.W. S84 0-398 0-471 0-131 
Sp 0-268 0-462 0-270 
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mean of the calculated white points of the eight Egyptians, the four British 
observers and the C.I.E. values. 


All the previously mentioned points are based on Wright’s system. 


Tastx 1. The chromaticity co-ordinates of Sz and for fifteen Egyptians 


Measured Calculated 
(1) (2) (3) (4) (5) (6) (7) (8) - 
1.G.H.1. 8 A 0-425 0-501 0-074 0-445 0-512 0-043 


0-319 0-522 0-159 0-325 0-525 0-150 
So 0-291 0-513 0-196 0-278 0-511 0-211 


A.K.A. Sa 0-316 0-434 0250 0-297 0-456 0-247 
So 0-183 0332 0-485 0-134 0-820 0-546 


E.G.T. 8, 0469 0462 0075 0-465 0471 0-064 q 
Sp 0-340 0-457 0-203 0-344 0-478 0-178 ] 

So 0-286 0-448 0-266 0-294 0-463 0-243 
4 
E.E. 0-430 0-495 0-075 — 
Sp 0-333 0-545 0-122 
So 0-295 0-515 0-190 — 
8.M.T. S4 0-370 0-452 0-178 — 
Se 0-213 0-431 0-356 4 
H.M.A. S, 088 0444 O71 
Sz 0-248 0-415 0-337 — — 
So 0-215 0-394 0-391 — 


28 1. G. H. ISHAK 

| DISCUSSION 
As has been already mentioned, since the adoption of the C.I.E. standard 
illuminants, direct measurements on the chromaticity co-ordinates of Sp have 
been published only for three British observers. This is a very small number to 


compare with the present work. Hence, it was thought useful to compute the 
three standards S,, S, and S, for those three observers. The calculated 


2. The chromaticity co-ordinates of S,, Sz and Sg, for four British observers _ 


Measured Caloulated | 

Source _r (0-65, (0-53p.) b(0-46p.) 1(0-65p.) g(0-58p.) (0-46p.) 
L.O.T. 8, «0-420 O-121 0-424 0-111 


0-450 0-465 
0-202 0424 0284 0-290 0-437 0-273 
Mo 0-253 0395 0-352 0-239 0-402 0-359 


Sp 0216 0363 0-421 0914 0-363 


Sp 0-211 0-367 0-422 0-241 0-406 0-353 
Cc — 


Sp 0-262 0-431 0-307 0-274 0-241 
TABLE 3. The chromaticity co-ordinates of S4, Sz and Sg for some investigations Sy 
Name Source r (0-65.) g (0-53 p.) b (0-46 
Eight Egyptian SS, 0-403 0-485 0-112 
: B 0-276 0-462 0-262 
. So 0-229 0-434 0-337 
Four British (Table 2) Sy, 0-387 0-460 0-153 
é Sz 0-255 0-423 0-322 
So 0-207 0-388 0-405 
Wright | S4 0-390 0-454 0-156 
Sz 0-255 0-417 0-328 
So 0-206 B83 0-411 
Guild S4 0-380 0-437 0-183 
Sp 0-239 0-383 0-378 
So 0-190 0-342 0-468 
Weaver S84 0-395 0-462 0-143 
Sp 0°256 0-435 0-309 

So 0-206 0-405 0-389 
Abney S4 0-391 0-461 0-148 
8, 0-252 0-425 0-323 
So 0-202 0-392 0-406 
C.LE, S4 0-389 0-442 0-169 
Sz 0-249 0-398 0-353 
So 0-199 0-362 0-439 


co-ordinates not only provide some data suitable for comparison, but also serve — , 


as a check on how far the calculated and observed values agree. The white 
points have been calculated also for Dr L. C. Thomson and for the eight 
Egyptian observers. The values (both the calculated and observed) for the four 
British observers and the eight Egyptians are given in Tables 2 and 1 respec- 
tively. Comparison between the calculated and observed data shows a big 
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difference for the observer J. H. Nelson and an appreciable difference for 
F. H, G. Pitt, while the differences are not significant for W. D. Wright and 
L. C, Thomson and the eight Egyptian observers. It seems that the only 
explanation for the disagreement in the cases of Pitt and Nelson is that there 
might have been some errors in the preparation of the filters in their cases. 
Also the good agreement between the experimental and calculated data 
could be taken as evidence that the calculations and the theory behind the 
spectrophotometric evaluation of a source are valid. — | 
Again, consideration of the Egyptian data on the white points and those 
for the British observers reveals the following: 
(1) The positions of the white points for the Egyptian observers lie farther 
towards the yellow side of the spectrum locus than the British observers. This 
agrees with what might have been anticipated, since the Egyptian observers’ 
yellow pigmentation is most probably denser than that of the British observers. 
(2) The white points of the Egyptians are higher in their chromaticity charts 
than those of the British observers. This might mean that the Egyptians’ 
macular pigmentation was slightly greener than the British, or it may be due 
to differences in the spectral sensitivities of the retinal receptors, which has also 
been suggested by the analysis of their spectral chromaticity co-ordinate data 
(Ishak, 1950). | 
Inspection of the results tabulated in Table 3, which gives the means of the 
calculated white points for the Egyptians, the four British, Wright, Guild, 
Weaver, Abney and the C.I.E., shows the following: 
(1) All the points are on the yellow side of the C.I.E. points except those of 
Guild. 
(2) The positions of the white points of the Egyptians lie the farthest 
towards the yellow part of the spectrum. 
It must be noted here that the white points of Wright, Guild, Weaver and 
Abney were all computed using the C.I.E. luminosity curve and relative 
luminosities. of the primaries, and the only variable was the spectral chroma- 
ticity co-ordinates. It has been shown before (Ishak, 1950) that the spectral 
chromaticity co-ordinates for Guild and Wright look closest to each other, 
while those of Weaver and Abney deviate more. Yet, we find that the white 
points calculated using these spectral chromaticity co-ordinates data give 
values which are very close to each other for Wright, Abney and Weaver, and 
which deviate considerably from the white points for Guild. A possible 
explanation for this result is that the spectral chromaticity co-ordinates given 
by Guild (1931) show some kind of systematic difference, which, although 
apparently small, accumulated in the process of computation, giving the 
deviation noticed. 
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: The white points and the yellow pigmentation ie 
“There are diverging views in the literature about the problem of the yello 


macular pigmentation. Some authorities believe that it does not exist in 


the living eye, e.g. Gullstrand and Nordensen, while Polyak believes that 
it does. The present work seems to support Polyak’s view for the following 
reasons. 

If the yellow pigmentation exists in the living eye, it will shift the positions 
of the white points in the chromaticity chart towards the yellow side of the 
locus, and it will also decrease the relative luminosity value in the blue end of 
the spectral luminosity curve, and therefore it would be expected that a 
complete correlation exists between the densities of the yellow pigmentation 
of the observers, as determined by these two independent methods. This has 
been found to be true. The two sets of determinations of the densities of the 
yellow pigmentations gave a correlation coefficient of + 1-0 for the four British 
observers and + 0-95 for the fifteen Egyptian observers. (As a measure for the 
density of the yellow pigmentation estimated from the luminosity data, the 
difference in the relative luminosity at wave-length 0:46. between Wald’s 
(1945) value for the 8° extra-foveal cone luminosity curve, and that of the 
observer for the central fovea (Ishak, 1950) was taken. The red chromaticity 
co-ordinate was taken as a measure of the density of the yellow pigmentation 
of the observer from the white point co-ordinates.) | 

These very high coefficients of correlation can hardly leave any doubt about 
the existence of the yellow macular pigmentation in the living eye. 

Wald (1945, 1949) claims that the yellow macular pigmentation is leaf 
xanthophyll or lutein. To test the validity of this assumption the following work 
by Wright (1946) has to be considered. Wright estimated the dominant wave- 
length of the human macular pigmentation by three different methods: 

(i) From the spread of the white points of thirty-six observers he estimated 
the dominant wave-length to be about 0-574 y. with the limits 0-570 and 0-578 yu. 
When his results are shown on a C.I.E. locus (on Wright’s system) the dominant 
wave-length is 0-5745. with the limits 0-570 and 0-5778 p. 

(ii) Wright measured his white point at the ages of 22 and 38. The line joining 
them gives 0-576 y. on the chromaticity chart of the average of his ten observers 


(Wright, 1928). When this is drawn on the C.I.E. chart the dominant wave-— 


length is 0-5772 p. 


(iii) He also measured his white points when the matching field was observed } 


centrally and at 2, 4 and 6° from the fovea. When his results are plotted on the 


C.I.E. chart, and the line joining the different points is extended, it meets the 
locus at a wave-length 0-578 yu. 


From these different estimations it is clear that the dominant wave-length — 


of the macular pigmentation must lie between 0-57 and 0-58 ft. 
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9 To test the validity of Wald’s claim that lutein is the substance of the macular 
pigmentation, against the evidence given by Wright, calculations of the chro- 
| | 
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Fig. 1. The change of the positions of the standard illuminants S,, Sz and Sg with the 


change of the density of lutein shown on part of the C.I.E. spectrum locus. 
0-70 | 
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it 
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he § Fig. 2. Partof the C.1.E. chromaticity chart on which: (i) The angle BAC that shows the spread — 
of the white pointe of Wright’s colorimeter; AO is the median that meets the spectrum locus 
th | at wavelength 0-5745p. (ii) The line joining Wright’s white points at the ages 22 and 38, 


meeting the locus at wave-length 0-5772y. (iii) The locus of the point S, with varying 
3 densities of lutein, meeting the spectrum locus at wave-length 0-577 p. 


4 
f ry 
a 
‘ 
Ken 
06 
? 
Ps 
0-4 
a 4 
& 
A 
63 
N 
i 
f 
a 
4 
q 
Yon 
Ly) 


32 I. G. H. ISHAK 


maticity co-ordinates of the white points S4, Sp and S_ for varying densities 
of lutein were worked out. The calculations were based on the C.I.E. tristimulus 
values on Wright’s system (Ishak, 1950), the adopted spectral energy distri- 
butions of the illuminants S,, Sz and S, and the absorption spectrum for 
lutein as given by Wald. The values taken for the absorption of lutein were the 
average of two independent readings of Wald’s curve, by the author and Dr 
L. C. Thomson. 

The results of the calculations are shown in Fig. 1, In Fig. 2, the line along 
which S, moves with the change of the density of lutein is shown and meets 
the spectrum locus at 0-577 ., which is the dominant wave-length of lutein. 
Also, the results of the dominant wave-length of the macular pigment as 
estimated by Wright are shown in Fig. 2. : 

From the data shown in Fig. 2, it is clear that the determination of the 
dominant wave-length based on the absorption of lutein is very close to the 
estimations given by Wright. This is a very good indication that the yellow 


macular pigmentation is lutein or another substance with a similar absorption _ 


curve. 
SUMMARY 

1. Using Wright’s colorimeter the chromaticity co-ordinates of the three 
standard illuminants were measured for fifteen Egyptians and one British. 
Also the same points were calculated for eight Egyptians and four British and 
the C.I.E. standard observer, from their tristimulus values, and the adopted 
spectral energy distributions of the three illuminants. 

2. Comparison between the measured and calculated points did not show 
appreciable differences except in two cases, which may be due to errors in the 
preparations of the filters. © 

3. The Egyptian white points lie farther towards the yellow side of the 
spectrum locus than the British. This is probably due to the denser pigmen- 
tation of the Egyptian observers. i 


4. Estimates of the yellow macular pigmentation derived from the white _ 


points and from the spectral luminosity values are very highly correlated. This 
has been taken as evidence that the yellow pigmentation exists in the living eye. 

5. Calculations to find the dominant wave-length of lutein give values very 
close to the experimental estimates of Wright. This supports Wald’s claims that 
the macular pigmentation is lutein. | 

This work was carried out at the Imperial College as a part of the study for the Ph.D. degree, 
London University, under the supervision of Dr W. D. Wright of the Physics Department. The 
author wishes to express his sincerest thanks and gratitude to Dr Wright for his very helpful 

discussions and for the interest he has shown throughout this investigation. Thanks are also due 
— toDrL.c. Thomson of the Vision Research Unit of the Medical Research Council for acting as an 
observer and for useful discussions, and to Miss E. Tadros and Miss P. W. Trezona for recording 


volunteered to act as observers. 


some of my resulta. I am also extremely indebted to my Egyptian colleagues and friends who _ 
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THE OCCURRENCE AND DISTRIBUTION OF MONO-AMINE 
OXIDASE IN BLOOD VESSELS 7 


By R. H. 8. THOMPSON anv A. TICKNER 
From the Department of Chemical Pathology, 
Guy’s Hospital Medical School, London 


(Received 24 February 1951) 


It has been known for some time that the body possesses a number of different 
enzymic mechanisms which might be responsible for the inactivation of adrena- 
_ line and other amine derivatives of catechol inside the body. Such compounds 
can be converted into derivatives showing little or no pressor activity by 
(1) oxidation of their phenolic hydroxyl groups, (2) oxidative deamination of 
the side-chain by a mono-amine oxidase, or (3) esterification. 

A consideration of the pharmacological properties of ephedrine, together 

with the finding by Blaschko, Richter & Schlossmann (1937a) that ephedrine 
inhibits the destruction of adrenaline by mono-amine oxidase, although it is not 
itself oxidized by it, led Gaddum & Kwiatkowski in 1938 to put forward the 
view that many of the actions of ephedrine can be explained on the assumption 
that it is playing a role with respect to adrenaline and mono-amine oxidase 
analogous to that played by eserine in respect to acetylcholine and cholin- 
esterase. Such a view would imply that mono-amine oxidase must be concerned 
with the destruction of adrenaline under physiological conditions, and that this — 
enzyme may be distributed in relation to adrenergic nerve endings in much the 
same way as cholinesterase may be assumed to be related to cholinergic nerve 
endings. 

Part of Gaddum & Kwiatkowski’s evidence for this hypothesis was obtained 
from studies on the perfused vessels of the rabbit’s ear, and their interpretation 
of these experiments was given added force by the earlier observations of 

_ Schaumann (1928) and Burn (1932) that ephedrine exerts hardly any vaso- 

gonstrictor action on perfused tissues in the absence of adrenaline. If this 
interpretation of the mode of action of ephedrine is correct, it should therefore 

be possible to demonstrate the presence of mono-amine oxidase in the blood 
vessels of the rabbit’s ear and elsewhere. Bhagvat, Blaschko & Richter (1939) 
were unable to find a mono-amine oxidase in the skin of rabbit’s ears, and 
Richter & Tingey (1939) attempted unsuccessfully to demonstrate activity in 
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a sand-ground preparation of rabbit ears which had been freed from hair and 
cartilage. In the materials used by each of these groups of workers, however, 
blood vessels and adrenergic nerve endings will clearly constitute only a small 
part of the total tissue, and no experiments appear to have been done by them 
on blood vessels freed from other tissue. 

Using a qualitative test (Florence & Schapira, 1945) for the presence of 
mono-amine oxidase in tissue extracts based on identifying the odour of 


.hyacinths due to phenylacetaldehyde produced by this enzyme when acting on 


phenylethylamine, Schapira (1945), however, succeeded in showing mono- 
amine oxidase activity in the rabbit’s ear and also in the jugular vein of the dog. 
He does not appear to have carried out this test on isolated arteries. 

We had recently demonstrated the presence of a highly active mono-amine 
oxidase in placenta (Thompson & Tickner, 1949); in view of the vascular 


nature of this tissue we became interested, as a result of conversations with 


Dr R. T. Grant, in the possible association of this enzyme with vascular 
structures generally, and decided therefore to study isolated blood vessels of 
different kinds, including the vessels of the rabbit’s ear, using both mano- 
metric and titrimetric methods for the identification and assay of the 


enzyme, 
EXPERIMENTAL 
Material 

of the present work was done on rabbits. Immediately after killing the animals (either by stunning 
or by air embolism), the vessels to be examined were dissected out and placed in 0-9% NaCl. 
Adherent connective tissue which had not been stripped from the vessels while in situ was then 
removed by further dissection of the vessels pinned out on cellophane over a cork mat; any 
finely minced with scissors. 

The materials used in the various experiments comprised: the whole length of the aorta and 
common carotid, pulmonary and renal arteries, the brachial artery from the subclavian to near the 
elbow joint, the femoral artery from the iliac vessels to near the ankle, and the central artery of the 
ear; when veins were used, the superior vena cava, the inferior vena cava, the jugular and sub- 
clavian vessels were dissected and pooled. 

In some of the experiments with rabbit aorta the cleaned vessel was slit open longitudinally and 


_ pinned down on cellophane; the inner half to two-thirds of the vessel was then scraped off the 


remaining outer part, which was discarded. This was done in order to limit the material under 
investigation to the tunica interna and tunica media of the artery, so that we should not include in 
our assay any enzyme which might be present in association with nerve plexuses or other structures 
in the adventitia or surrounding it. 

A few experiments have also been carried out on guinea-pig and rat aortas, and also on the small 
on account of gangrene of the foot. 

Estimation of enzymic activity 

Oxygen consumption was determined manometrically using the Warburg apparatus. Between 
30 and 100 mg. of the minced blood vessel was used in each Warburg flask. 

‘Tyramine hydrochloride (L. Light and Co. Ltd.) was used as substrate in 0-01 m. ~~ 
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- Measurements were made at 38° C. in 0-067 m-phosphate buffer (pH 7-3), and in a gas phase of O,, 
over period of 2 hr., the results being expressed as yl. 0,/g. tissue (wet wt.)/hr. Controls for 
non-enzymic oxidation of the substrate, and for the O, consumption of the enzyme preparationin —_ 
the absence of added substrate, were included in each experiment. 

Ammonia production in the course of the reaction was measured in some experiments. At the 
completion of measurement of 0, uptake, 1 ml. of 25% trichloroacetic acid was added to each 
Warburg flask, and the contents decanted into a 15 ml. centrifuge tube. Each flask was washed 
once with 1 ml. of 5% trichloroacetic acid which was then added to the centrifuge tube. Ammonia 
was estimated in 1 ml. of the centrifuged supernatant fluid by steam distillation using the 
Markham (1942) apparatus. 

RESULTS 
The extra oxygen consumption of the different preparations in the presence of 
0-01 m-tyramine hydrochloride is shown in Fig. 1. Owing to the relatively 
small size of some of the vessels studied, it was necessary in most of the 
experiments to pool the material from two or more rabbits; even so, it was felt 
advisable in view of the low weights of, for example, ear or renal arteries to 
extend our measurement of oxygen consumption over a 2 hr. period. A slight 
fall in the rate of oxygen uptake was noticed during the second hour. 

Fig. 1 shows that for any given vessel fair agreement was obtained in the 
level of enzymic activity in the different experiments. On the other hand, the 
values and their means, obtained for the different vessels, differ noticeably. It 
would seem that the vessels which we have studied may be divided into two 
groups, the aorta and the carotid, renal and pulmonary arteries having 
a considerably higher activity than the brachial, femoral and ear arteries and 
the great veins (superior and inferior vena cava and jugular and subclavian 
veins), | 

On account of the difficulty of ensuring that the vessels were dissected 
completely free from all surrounding tissue, we thought it important to discover 
at an early stage in the work whether the enzymic activity which we were 
demonstrating was situated in the vessel wall itself or whether it was due to the 
inclusion in our material of nerve plexuses or other structures in the adventitia 
or surrounding tissue which we had not completely removed. As described 
earlier, in two experiments we therefore dissected off the inner half to two-thirds 
of a portion of the aorta, and compared this inner part of the vessel with other 
samples of the whole thickness of the aorta. It will be seen that in these two 
experiments the inner portion gave values which were slightly higher than 
those obtained with the whole thickness of the aorta, “In@icating that our 
observations are not due to the inclusion of extra-arterial tissue. 

A few experiments have also been done with rat and guinea-pig aorta; both 
these tissues were found to be active, showing extra @, uptakes in the presence 
of tyramine of 408 and 401 pl. 0,/g./hr. respectively. In one experiment, 
carried out on small muscular branches of the popliteal artery dissected from 
a freshly amputated human leg, a value of 303 yl. O,/g./hr. was obtained. 
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If the observed oxygen uptake in the presence of tyramine is due to an 
amine-oxidase in the arterial wall, ammonia and p-hydroxyphenylacetaldehyde 
will be produced in accordance with the following overall equation: 


HO NOH, .CH,NH, + 0-H .CHO+NH,. 


| 
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Fig. 1. Mono-amine oxidase activity of rabbit blood vessels 
(0-01 m-tyramine hydrochloride as substrate). 

In a series of experiments we have therefore carried out ammonia estimations 
on the protein-free filtrate of the contents of the Warburg flasks at the end of 
the measurement of oxygen consumption. | 

Since it is to be expected that the aldehyde which is formed during,the oxida- 
tion of the tyramine by a mono-amine oxidase may undergo further oxidation, 
we have also estimated the oxygen uptake and ammonia formation in flasks to 
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which 0-001 m-KON had been added to prevent further oxidation; KCN was 
also added to the centre cup of the Warburg flasks to prevent loss of cyanide 
from the main chamber. The results of these experiments are shown in Table 1. 

In agreement with the above equation it will be seen that in the presence of 
cyanide to prevent further oxidation of the aldehyde approximately 1 mole of 
ammonia is produced for each atom of oxygen utilized. 

As further confirmatory evidence that we are dealing with an oxidative 
deamination of the tyramine by a mono-amine oxidase, we tested for the 


presence and absence of cyanide during oxidation of tyramine by rabbit aorta 
(O, and NH, expressed as umol./g./2 hr.) 
With cyanide Without cyanide 
pmol. O, AtomsO O, Atoms 
Exp. (a) pmol. NH, mol. NH, (b) pmol.NH, mol.NH, (6/2) 
1 41-6 47°7 1-75 
2 17-0 33-6 1-01 28-1 39-2 1-44 1-65: 1 
3 34-0 61-2 1-11 57-2 730 1-56 , 1-68:1 
4 17-6 31-9 1-13 29-3 43-2 1-36 1-67: 1 
5 23-1 46-6 0-99 


Tastz 2, Inhibition of oxidation of tyramine (0-01 m.) by rabbit aorta mono-amine oxidase 


Inhibitor (M.) Inhibition (%) 
Ephedrine hydrochloride 0-02 61 
Benzedrine sulphate 0-0025 71 

Benzedrine sulphate 0-005 75 
Benzedrine sulphate 0-015 83 
hydrochloride 0-0175 42 
Nupercaine h ride 57 
Nupercaine hydrochloride © 80 
ylene blue 0-01 84 
sec-Octyl alcohol 0-005* 49 


* Added ese in buffer to final concentration of me 
phosphate give final 0-005 m., assuming 


presence of the aldehyde in the contents of the Warburg flasks at the end of the 
period of incubation at 37° by means of the 2 : 4-dinitrophenylhydrazine alkali 
test as described by Pugh & Quastel (1937); a positive result was obtained in 
those flasks containing both enzyme and tyramine. 

In view of Gaddum & Kwiatkowski’s original observations (1938) on 
ephedrine, it was obviously of interest to study the action of ephedrine and of 
other recognized inhibitors of mono-amine oxidase on the enzyme in blood- 
vessel walls. In addition to ephedrine, we have studied the effect of benzedrine, 
which was shown by Blaschko (1940) to be a more powerful inhibitor than 


: ephedrine, procaine and nupercaine (Philpot, 1939), methylene blue (Philpot, 
1937; Philpot & Cantoni, 1941) and sec-octyl alcohol (Blaschko et al. 1937). — 


The percentage inhibitions of the mono-amine oxidase of rabbit aorta caused 
by these various compounds are shown in Table 2. | 
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_ showed themselves to be powerful inhibitors in the concentrations used. 
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In confirmation of Blaschko’s finding (1940), benzedrine is also a more potent 
inhibitor than ephedrine when tested on the enzyme in rabbit aorta; since 
benzedrine sulphate was the compound used in these experiments, equivalent 
concentrations of sodium sulphate were added to the control flasks to correct 
for any possible effect of the sulphate ion. The other compounds studied all 


In most of our experiments tyramine hydrochloride was used as substrate, 
since this compound does not undergo any appreciable non-enzymic oxidation 
under the conditions used. It was thought desirable to demonstrate that this 
enzyme in blood vessels is also active against the physiological substrates, 
adrenaline and noradrenaline. When using these compounds, 0-001 m-potassium 
cyanide was present in the flasks to prevent oxidation by the cytochrome | 
oxidase system; 0-0043 m-reduced glutathione was also added to minimize 
autoxidation (Blaschko, Richter & Schlossmann, 1937). 

The results obtained in these experiments are shown in Table 3. 

~ 

(Substrate conc. 0-01 M.; results expressed as pl. 0,/g./hr.) 


L-Noradrenaline 
(B.D.H.) Ltd.) hydrochloride 
141 74 344 
72 44 258 
84 105 394 
Mean 99 74 332 


In the presence of cyanide the rate of oxidation of tyramine amounts to only 
about 60% of the rate in its absence (see Table 1). Adrenaline is oxidized, 
under these conditions, at about one-third the rate of tyramine; L-noradrenaline 
is also oxidized, at about the same rate, or perhaps rather more slowly than 
adrenaline, a finding which agrees with the earlier observations of Blaschko 
et al. (1937a) on the rate of oxidation of pL-noradrenaline by guinea-pig liver 
and intestine. 


DISCUSSION 


Despite the earlier statements that mono-amine oxidase activity is not 
detectable in the rabbit’s ear the experiments described above demonstrate 
that mammalian blood vessels, including those of the rabbit’s ear, contain an 
active mono-amine oxidase capable of oxidizing tyramine, adrenaline and 
noradrenaline. The evidence for this conclusion is based on (1) measurements of 
oxygen consumption, (2) measurements of ammonia production, and (3) the 
effect of recognized inhibitors of this enzyme on the oxidation of tyramine. 
The significance of the differences in the levels of activity possessed by different 
blood vessels of the same animal cannot be assessed on our present evidence ; it 
would be of interest, however, to know whether the level of enzymic activity 


4 
4 
¥ 
A 
<a 
a 
? 
7 
fi 
5 
x 
= 
=a 
a 
¥ 
he 
: 
* 
«Jj 
, 
“a 
li 
n 
« 
n 
of 
‘ 
4 
? 
n 
ay Z 
<4 
q 
> 


40 R. H. S. THOMPSON AND A. TICKNER 

bears any relation to the sensitivity of different vessels to circulating adrenaline 
or noradrenaline. Further work on the distribution and properties of this 
enzyme in the blood vessels is now in progress. | 


SUMMARY 


1. Mono-amine oxidase activity has been demonstrated and estimated in 
the aorta, carotid, pulmonary, renal, brachial, femoral and ear arteries and in 
the great veins of the rabbit. | 
. 2. It has also been shown to be present in rat and guinea-pig aorta, and in 
the small muscular branches of the human popliteal artery, which is the only 
human blood vessel that we have so far studied. 

3. A comparison of the levels of enzymic activity in these different blood 
vessels shows that the great veins and also the brachial, femoral and ear 
arteries are less active than the larger arteries (aorta, carotid, pulmonary and 
renal). 

We wish to thank Dr R. T. Grant, F.R.S., for his interest and help in this work, and for providing 
us with a sample of L-noradrenaline bitartrate. Our thanks are also due to the Central Research 


Fund of the University of London for a grant for the purchase of some of the manometric equip- 
ment, and to Mr R. F. Adams for his skilful technical assistance. 
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DEPOLARIZATION OF THE MOTOR END-PLATE BY 
DECAMETHONIUM AND ACETYLCHOLINE 


By B. DELISLE BURNS anp W. D. M. PATON 
From the National Institute for Medical Research, Mill Hill, London, N.W. 7 


__ (Received 13 March 1951) 


Decamethonium was first investigated because, like p-tubocurarine, it caused 
neuromuscular block. It was shown, however, that the action of decamethonium 
was not only unlike that of curare but, in many important respects, was similar 
to that of acetylcholine (Paton & Zaimis, 1949; Buttle & Zaimis, 1949; Zaimis, 
1951). For instance, both compounds elicit a twitch from cat muscle if injected 
into the artery, both cause contracture of frog’s rectus and of avian muscle, and 
both are antagonized by p-tubocurarine. Further, it has been found that 
decamethonium, like acetylcholine, depolarizes the muscle fibre; thus a dose of 
decamethonium, adequate to block neuromuscular transmission completely, 
reduced the injury potential of the cat’s tibialis muscle by 30-50% (Brown, 
Paton & Vianna Dias, 1949). Such a depolarization, affecting the whole length 
of every muscle fibre in the body, seemed likely to cause measurable changes in 
the distribution of sodium and potassium. With this in mind, the uptake of 
“Na by muscles under the influence of decamethonium was investigated 
(J. L. Malcolm & W. D. M. Paton, unpublished). It was found, however, that 
the uptake of *Na by frog sartorii from Ringer containing this isotope was not 
significantly greater in the presence of decamethonium iodide (0-01%) than in 
its absence; further, the level of plasma Na in a cat which had received an 
injection of sodium chloride rich in this isotope, was altered by less than 1% 
when a massive dose of decamethonium was injected which caused long-lasting 
neuromuscular block. Whether or not the argument on which these experiments 
were based was justified, the results made us suspect that the depolarizing 
effect of the drug was not uniform throughout the length of the muscle fibre, 
but was restricted to the region of the end-plate. 

Most of the experiments described in this paper have been on the cat’s 
gracilis muscle, in which the end-plate region is conveniently localized. The 
results show that the depolarization due to decamethonium is confined to the 
membrane of the muscle fibre within 3-4 mm. of the end-plate. As a consequence 
of this local depolarization, electrical excitability around the end-plates falls, 
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and at the same time there is a reduction of the end-plate potential produced 
by a maximal nerve volley; these are the factors immediately responsible for the 
observed failure of transmission from nerve to muscle. In fact, the consequences 
of an injection of decamethonium can be imitated by any prolonged depolariza- 
tion of the end-plate region. Thus, an injection of acetylcholine in the presence 
of eserine, tetanic stimulation of an eserinized preparation, the application of 
cathodal current to the end-plate zone, or an injection of decamethonium all 
produce an acute and persistent depolarization beneath the end-plates, and all 
have the same effects upon neuromuscular transmission. : 


METHODS. 
Preparation of the gracilis muscle 

A skeletal muscle ideally suited for determination of the electrical effects of drugs would: (1) Present 
a thin sheet of long, parallel running muscle fibres. (2) Have a minimal overlap at the interdigita- 
tion of fibres lying in series. (3) Have end-plates arranged with minimal scatter about straight lines 
running across the muscle surface. (4) Present at least one nerve-free end. (5) Provide a motor 
nerve which is easy to isolate and stimulate. (6) Have an arterial supply convenient for close 
arterial injection. Properties 1-3 are to some extent satisfied in the cat’s sartorius, rectus abdominis, 
tenuissimus and brachioradialis and a few of our experiments have been carried out with these 
muscles. Nearly all of the results reported in this paper have, however, been obtained using the 
cat’s gracilis, which proved generally more convenient than any of the other muscles tested. 

In cats under chloralose anaesthesia, the gracilis was prepared for stimulation through its motor 
nerve and electrical recording from the muscle surface, in the manner described by Brown & Burns 
(1949). The motor nerve was freed from its fascial sheath, tied centrally, and stimulated with fine 
platinum wire electrodes. When close arterial injection was required a cannula was tied into the 
femoral artery just distal to the branches to gracilis, for retrograde injection froma syringe. It was 
usually possible to tie most of those branches from the artery to gracilis which supplied muscles 
lying deeper in the thigh. Drills were fixed in the upper and lower ends of the tibia, the neck of the 
femur and the ankle joint of the opposite hind-limb. The four drills were clamped, so that the 
gracilis lay in a horizontal plane at the bottom of a bath of liquid paraffin whose walls were made 
by pulling up the cut edges of the skin. The paraffin bath was kept warm by radiation from an 
electric fire. In some experiments the sciatic nerve was tied at the hip, to immobilize the leg. 
Intravenous injections were made through a cannula tied into the jugular vein. Pentamethonium 
and decamethonium were always given as iodides, and p-tubocurarine as chloride; doses are given 
in terms of the salts, | 

The positions of the end-plate zones in the muscle surface were determined by observation of the 
action potentials, recorded from a pair of exploring leads during stimulation of the nerve. These 
exploring leads were made to touch the muscle surface at two points about 1 mm. apart and in the 
line of the muscle fibres. When the pair of leads was moved across an end-plate zone, or across from 
one fibre to another, the polarity of the recorded action potential was inverted. End-plate zones 
could be distinguished from points at which the muscle fibres interdigitated by the greater latency 
of the action potential recorded from the tips of the fibres, compared with the latency of the action 
potential near the end-plate zone. Usually we recorded from the most distal group of muscle fibres, 
whose end-plates lie in a narrow band running fairly straight across the muscle surface parallel to 
the musculotendinous junction. In most areas the records obtained from the exploring leads were 
multiphasic and these areas were never used for an experiment, since a complex action potential 
always proved to be the consequence of scattered end-plates. It was nearly always possible, 
however, to find within the distal group of muscle fibres a site for recording which provided 
a simple diphasic action potential, indicating that the end-plates of the ‘bundle’ of muscle fibres 
in question were well localized. | 
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_ potential within a few seconds, the process was mechanized, and the travelling electrode was fixed 
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The recording leads were non-polarizable (Ag-AgCl) and contact with the muscle was through 
fine silk wicks soaked in 1% agar-NaCl solution. The leads used for passing continuous current into 
the muscle were of the same type; but for direct electrical stimulation of the muscle we employed 
a pair of platinum wires, whose tips touched the muscle surface about 0-5 mm. apart in a line at 
right angles to the length of the fibres. The potential from the recording leads was fed through 
cathode followers into a direct-coupled amplification system, and records were photographed on 
film from.a double-beam cathode-ray tube. In the records of slow potential changes, negativity of 
leads in the end-plate zone is shown as an upward deflexion of the trace. Beneath the records is 
drawn a diagram of the arrangement of electrodes, in which the position of the end-plate region is 
indicated by a black dot. 


Records of the spatial distribution of potential down the length of the muscle fibres were obtained 
by leading from a fixed reference electrode and a mobile electrode whose wick could be traversed 
across the muscle surface. Since we wished to obtain complete records of the spatial distribution of 


to the plunger of a large ground-glass syringe. Air was forced in and out of the barrel of this syringe 
from a mechanically driven pump, thus moving the plunger with its electrode, backwards and 
forwards, along the line of the muscle fibres. The electrode holder rested on a flexible metal template, 
which could be bent as required, to enable the electrode to follow precisely the contours of the 
muscle. Movement of the plunger was transmitted through an electrical system to the X-sweep of 
the cathode-ray tube, and we were able in this way to obtain a complete curve of potential plotted 
against space in 1-2 sec. The wick of the mobile electrode could slide up and down a group of muscle 
fibres once every 5 sec. for a whole afternoon, without producing visible damage or measurable — 
change of electrical properties. 
RESULTS 
7 The site of action of decamethonium 
In the experiments described below, we measured potential differences between 
a reference electrode placed on the musculotendinous junction of the cat’s 
gracilis, and an electrode making contact with various points along the length 
of the most distal group of fibres in that muscle. The point of contact of the 
distal or ‘reference’ electrode was fixed, while the central or ‘recording’ 
electrode could be moved over the whole length of these muscle fibres. In 
control experiments, when the recording electrode was moved steadily from the 
tendinous end of the muscle, across the end-plate zone and down to the proximal 
tips of the muscle fibres, the fluctuations of potential observed were never more 
than +0-5 mV. and sometimes less than +0-1 mV. These ‘base-line’ fluctua- 
tions varied from one experiment to another, and certainly bore no relation to 
the known position of the end-plate zone (cf. Buchthal & Lindhard, 1934). 
When the ends of the muscle fibres beneath the reference electrode were 
injured by burning, cutting or pinching, a potential (the injury potential) of 
about 30 mV. was recorded between this point and an electrode resting any- 
where upon the undamaged part of the muscle fibres. In these circumstances, 
the reference electrode is put in close electrical contact with the interior of the 
injured muscle fibres, and the ‘injury’ potential so recorded gives a measure of 
the potential across the membrane beneath the other electrode. The fraction of 
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the membrane potential which is recorded in this way depends upon short- 
circuiting by interstitial fluid, but although variable from cat to cat (the 


extreme values obtained were 12 and 40-mV.) the value within one region of 


one muscle under paraffin varied little, falling slowly with lapse of time. 

Intravascular injection of decamethonium caused an immediate reduction of 
injury potential which was restricted to the region of the end-plate. In the 
record of Fig. 1, the injury potential was measured simultaneously at two fixed 
points, one close to the musculotendinous junction (upper trace), the other at 
the end-plates. While an injection of decamethonium caused a fall of injury 
potential at the end-plate region, there was virtually no change of potential at 
the other electrode. 


| 
\ 


or 6 mm. away (below), and a common electrode on muscle fibre tip. In this and all other 

figures, upward deflexion means end-plate electrode or roving electrode becomes negative to 

end of muscle fibre. At A, muscle cut under common electrode. At B, 20 ng. decamethonium 
intra-arterially. 

The same result can be shown using the spatial scanning technique. In Fig. 2, 
the continuous curve gives the distribution of potential round an injured region 
of the muscle and in the adjacent uninjured area. After the injection of 20 yg. 
decamethonium iodide intra-arterially, the dotted curve was obtained. Although 
the demarcation potential is quite unaltered, the end-plate regionsare depolarized 
by about 30 % of the demarcation potential. This record also shows that, although 
the depolarization of the muscle is localized to the end-plate region, it does 
Spread some way round the centre of the region. | 


The time course and magnitude of the depolarization 
With intravenous administration of doses of the order of 30 yg./kg. the 
development of local depolarization was comparatively slow; the peak value 
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‘was reached only 3-5 min. after injection, and was followed by a steady 


out more than a few tests during the course of a day’s work. Consequently, we 


_ was about 95 % of the injury potential, and was achieved by doses of about 20 ug. 


- the spatial dispersion of the end-plates, with respect to the recording electrode. 


end-plate region had apparently returned to normal. Thus, in one experiment 
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repolarization to the normal value, taking 30-40 min. for its completion. 
Intra-arterial injection, on the other hand, caused an immediate depolarization 
of the end-plate region, and recovery was continuous from a few moments after 
injection. Provided sufficient time was allowed, the depolarization always 
passed off and the whole cycle of events could be repeated. 

Since recovery never took less than half an hour it was not possible to carry 


have only rather incomplete data on the relation between magnitude of effect 
and the dose given, but our experiments have shown certain interesting facts. 
In the first place, the maximum depolarization produced by decamethonium 


intra-arterially; five times this dose produced no increase in local. depolariza- 
tion, while smaller doses had correspondingly smaller and briefer actions. In 
these experiments the parallel resistance of the tissues, which reduces the 
measured injury potential below the true membrane potential, should have 
affected the depolarizations due to injury and to decamethonium alike. 
Consequently we believe that decamethonium, in big enough dose, can abolish 
the membrane potential completely. We have never recorded a reversal of the 
membrane potential measured in the way we have described; but that such 
a reversal occurs cannot be excluded without more accurate knowledge about 


The local depolarization produced by decamethonium was always bigger the 
first time the drug was injected than after later injections, even though the 


a peak depolarization, 95% of the injury potential, was produced by the first 
intra-arterial injection of 20 ug. decamethonium iodide; 90 min. later, when 
recovery appeared to be complete, doses as high as 100g. decamethonium 
iodide produced a depolarization of no more than 50% of the injury potential, 
although the absolute value of the latter was unchanged. These observations 
upon the results of arterial injection are consistent with our finding that the 
greatest depolarization we have produced by intravenous administration, when 
the drug reaches the muscle more slowly, have never exceeded about — of 

the maximal depolarization following arterial injection. 3 | 


The spatial distribution of depolarization in the end-plate pewrsing 

The fact that decamethonium was without effect upon the end of the muscle 

made it possible for us in subsequent experiments to use the uninjured 

musculotendinous junction as a point of reference potential ; in this way we were 

able to avoid the unstable conditions associated with killing the ends of the | 
muscle fibres. Fig. 3 was obtained in this way ; potential differences wererecorded 

between a fixed electrode on the musculotendinous junction and a travelling a 
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electrode, which was traversed from end to end of the muscle fibre after an 
injection of 10pg. decamethonium iodide intra-arterially. Although the 
depolarization was maximal in the end-plate region, the muscle fibre immedi- 
ately adjacent to the end-plate was also affected. In Fig. 36 depolarization is 
plotted on a logarithmic scale against distance along the muscle fibre. It will 
be seen that the logarithm of the depolarization falls away in linear fashion on 
either side of a central plateau at the end-plates, but with a different slope on 
the two sides. From such experiments we have concluded that the spread of 
the depolarization falls exponentially from a central region of about 1-1} mm. 


=, 


Fig. 2. | Fig. 3. 

Fig. 2. Cat, chloralose. Gracilis. Spatial distribution’of potential; continuous line before injection, 
dotted line after injection of 20 ug. decamethonium intra-arterially. Muscle cut at arrow; 
centres of end-plate regions marked by black dots. Ordinates, potential with respect to 
musculotendinous junction. Abscissae, distance along muscle fibre. 

Fig. 3. Cat, chloralose. Gracilis. (a) Distribution of potential after intra-arterial injection of 
10 pg. decamethonium; (b) same distribution with logarithmic scale for ordinates. Ordinates 
and abscissae as in Fig. 2. 


breadth, with a space constant of about 14-2 mm. This generalization is 
necessarily approximate for several reasons. First, the distribution of the 
depolarization is sometimes skew (as Fig. 3a). Secondly, an accurate determina- 
tion of the distribution of depolarization would require an end-plate region 
more isplated from its neighbours than any we have yet found. It is usually 
easy to obtain a distribution of depolarization with a single peak from the 
tendinous end of the muscle, but the base-line of such a record is sloping, as 
a consequence of the depolarization of the large number of end-plates lying — 
deep and more centrally; on the other hand, the end-plates in the central part 
of the muscle are usually irregularly distributed. 
We have attempted to estimate the spatial distribution of the end-plates - 
themselves and to compare this with the distribution of the depolarization. This 


wy 
; 
4. 
4 
i j 
a 
4 
4 
5 
& 
4 
5 
10 mV 
a 
5 
J 
(b) 
\ 
% 
4 
‘ 
q 
4 


sie 


DEPOLARIZATION OF THE MOTOR END-PLATE 47 


was done conveniently by recording end-plate potentials during stimulation of 
the motor nerve whilst recording the spatial distribution of depolarization. 
Under these conditions, since complete neuromuscular block was present, the 
end-plate potentials appeared superimposed on the record of the depolarization 


Fig. 4. Cat, chloralose. Gracilis. Distribution of potential after intravenous injection of 60 yg./kg. 
decamethonium. During whole of sweep, excitation of motor-nerve by maximal. shocks 
at 33/sec. 


100 


mm. 


Fig. 5. Data from experiment of Fig. 4. Outer curve, distribution of depolarization; inner curve, 
spatial distribution of height of end-plate potential to nerve stimulation. Ordinates, % maxi- 
mum height; abscissae, distance along muscle fibre in mm. Centre of end-plate zone at 7 mm. 

(Fig. 4). The height of these potentials has been measured, and the curve in 

Fig. 5 constructed giving the variation of the peak end-plate potential with 

distance along the muscle fibre, together with the distribution of depolarization 

caused by an injection of decamethonium. : maint 
This experiment demonstrates incidentally the fact that the depolarization 
by decamethonium centres round the end-plate region. But more striking is 
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the rapidity with which the height of the end-plate potential falls away on 
either side of the central region, with a space constant of roughly 0-25 mm. ; it 
is hardly detectable 1-5 mm. from the centre of the end-plate zone. Some of this 
distribution of potential must be by electrotonic spread. The band within which 
the end-plates themselves are to be found must therefore be even narrower, 
and may be less than 0-5 mm. broad. It is evident, therefore, that although the 
depolarization by decamethonium is centred at the end-plate region, it spreads 
well beyond the zone in which end-plates themselves may be found. 

The occasional skewness of distribution displayed by the depolarization due 
to decamethonium, which was mentioned earlier, may also be seen in the 
distribution of end-plate potential magnitude, both distributions leaning in ir 
the same direction. We have not analysed this observation; it may be due to | 
variations in magnitude of the resistance of the muscle membrane, or of the 
parallel resistance of the adjacent tissues, or to a skew distribution in space of 
end-plates. 


Fig. 6. Cat, chloralose. Gracilis. Graph of potential difference between electrode on musculo- 
tendinous junction and electrode on end-plate zones (below), or electrode 3-5 mm. from 
end-plate zone (above), against time. At arrow, 30yug./kg. decamethonium intravenously. 


Change of the spatial distribution with time 

An important feature of the depolarization by decamethonium is that its 
spatial distribution changes with time. The experiment from which Fig. 6 is 
taken shows this effect, using fixed electrodes. It will be seen that the initial 
effect of the drug is restricted to depolarization at the recording electrode on | 
the end-plate region; for the first 30 sec. after the injection there was no signifi fh 
cant change of potential at the other electrode 3-5 mm. away, although the | 
potential at the end-plate electrode had fallen by 2mV. After this latency, the 
potential at the more distant electrode began to fall and remained depressed 
until the whole effect of the drug was passing off. Had the depolarization 
remained restricted to one area, the potential falls at the two electrodes should 
have remained in constant proportion to each other; in this experiment, 
however, the ratio of end-plate depolarization to depolarization 3-5 mm. away, 
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fell from infinity immediately after the injection, to a value of about 2 several 
minutes later. 

The spread of depolarization can also be demonstrated by comparing the 
distributions recorded by the spatial scanning technique at various times. 
Fig. 7 gives results from such an experiment, showing the distribution 0-5 and 
20 min. after the injection of decamethonium. The spread is more easily 
appreciated if the distributions are corrected to the same peak height, and this 
has been done. A characteristic effect of the spread, which is seen particularly 
clearly when records are taken from an end-plate zone of complicated distribu- 
tion, is the rounding and blurring with lapse of time of contours initially sharp 
and distinct. 


100 


mm, 
Fig. 7. Cat, chloralose. Gracilis. Distribution of potential 0-5 min. (inner curve) and 20 min. 
(outer curve) after 60 ug./kg. decamethonium intravenously. Abscissae, distance along muscle 
fibre in mm. Centre of end-plate region at 6 mm. Ordinates, % of maximum depolarization. 


Site of action of decamethonium 

We have already described how the prolonged depolarization by deca- 
methonium can be recorded further from the end-plate region than can the 
transient end-plate potential caused by a maximal nerve volley; this difference 
becomes accentuated with time. These facts do not, however, necessarily imply 
that decamethonium attacks the muscle fibre elsewhere than at the end-plate 
region. An alternative theory is that such a discharge of the adjacent membrane 
potential is a necessary physical consequence of any persistent local depolariza- 
tion. The latter hypothesis was tested by comparing the distribution of 
depolarization due to decamethonium with that surrounding the site of an 
injury of the muscle fibres. Fig. 8 shows the distribution of depolarization 
around a cut across the muscle fibres; and Fig. 9 shows the same round 
a localized burn. The space constant for spread of depolarization round oo 
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- injuries was approximately 1:5 mm., and there was no significant difference 
from that round an end-plate depolarized with decamethonium. Figs. 8 and 9 
also show that depolarization caused by local injury spreads with time, in much 
the same way as that due to decamethonium. Such results were independent 
of the method by which the muscle fibre was injured; for we have tested local 
- injuries produced by burning, cutting and pinching, and in every case the local 
100 


Fig. 8. Cat, chloralose. Gracilis. Distribution of potential 0-5 min. (inner curve) and 20 min. 
(outer curve) after cutting muscle fibre. Ordinates and abscissae as in Fig. 7; cut at 7 mm. 


Fig. 9. Cat, chloralose. Gracilis.: Distribution of potential 5 sec. (inner curve) and 20 min. (outer 
curve) after localized burn of muscle fibre at position marked by arrow. 
depolarization was seen to spread. We have, therefore, been able to obtain 
a distribution of potential very similar to that due to decamethonium, by means 
which cannot involve the spreading action of a drug. It may be objected that 
the width of the distribution of depolarization round an injury and the spread 
with time demonstrate no more than a spreading death of the adjacent tissues. 
It would be remarkable if this process should coincide so closely with the spread 
due to decamethonium, whether the central injury was made by cutting, 
burning or pinching. Further evidence on this point is given later in the paper. 
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_ A localized depolarization of very similar distribution may also be obtained by 


the local application of cathodal current to the muscle; and this depolarization 
spreads spatially and with time in the same way, although there is no question 
of drug action or tissue necrosis (see Fig. 18). 

Further evidence for this hypothesis suggested itself during the analysis of 
the antagonism to decamethonium by p-tubocurarine, described later. We found 
that the repolarizing action of D-tubocurarine is greater at the central region 
of the end-plate zone than in its immediate environs. The experiment of Fig. 16 
illustrates this result; 5 mg. of p-tubocurarine chloride were given intravenously 
after 0-1 mg. of decamethonium iodide: the depolarization at once began to 
wane, but the centre repolarized considerably faster, so that it actually reached 
a lower potential than the adjacent membrane which it had (not long since) 
itself discharged. A further dose of decamethonium demonstrated that the 
point which had been most repolarized was indeed at the centre of the end-plate 
region, and that no errors of alinement had crept in. Since p-tubocurarine 


antagonizes not only the depolarization but also all the other actions of 


decamethonium, it must be supposed that the site at which it repolarizes is also 
the site at which the specific action of decamethonium takes place. This result 
therefore supports our conclusion that the spread of depolarization by decame- 
thonium is secondary to a central action at the end-plate, and is incompatible 
with the belief that decamethonium acts diffusely. 

The question arises why, even with the earliest records (a few seconds after 
a dose of decamethonium), the distribution of potential is a good deal more 
extensive than that of the end-plate potentials produced by stimulating the 
motor nerve, When it is remembered, however, that an end-plate potential 
lasts a few milliseconds, whereas even the mere performance of an intra-arterial 
injection may take 100 times as long, that the drug injected has then to diffuse 
to the end-plate region, and that the early stages of the spread of depolarization 
must be very rapid, it would be surprising if there were not considerable 
differences between the two distributions. Not until a record of the end-plate 
depolarization can be taken a few milliseconds after the application of decame- 
thonium to the end-plate can a comparable distribution to that of the end-plate 
potential be expected. 

It appears, therefore, that all the results so far described can be explained by 
assuming that decamethonium acts solely upon muscle fibre immediately 
beneath the end-plate. The consequence of an injection of decamethonium is 
an acute collapse of the membrane potential of the muscle fibre at this pomt; 
this depolarization immediately begins to spread to adjacent regions by 
discharging membrane not yet depolarized ; the process thus ultimately extends 
well beyond the zone of end-plates, but never invades the whole of the muscle 
fibres. 
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The relation between depolarization and neuromuscular block 


There is considerable evidence that depolarization of muscle membrane by 
potassium leads to a reduction of electrical excitability (Overton, 1904; Fenn, 
1940). Such a loss of electrical excitability might therefore be expected to 
follow the prolonged depolarization which decamethonium causes, and would 
directly account for its blocking action. If neuromuscular block by decame- 
thonium is, in fact, due to depolarization and consequent inexcitability in the 
end-plate zone, the muscle fibres exposed to decamethonium should also exhibit 
a lowered excitability to direct electrical excitation localized to the end-plate 
region. Further, we should expect conduction across the end-plate zone of 
a contraction wave started by direct stimulation at one end of the muscle fibre, 
to fail when neuromuscular transmission fails. Finally, it is possible that 
repolarization of the membrane in the neighbourhood of the ci aencailan relieves 


@ partial neuromuscular block. 


In the following experiments we have tested these points. 


Electrical excitability of muscle after decamethonium 

We arranged two electrodes, about 1 mm. apart, to stimulate a few muscle 
fibres on the surface of the cat’s gracilis while recording the action potential 
from a pair of electrodes placed over the tendinous end of the same fibres. The 
pair of stimulating electrodes could be traversed from one end of these muscle 
fibres to the other, so that an excitation wave could be initiated from any point 
on their length. Excitability of the fibres in the region of the stimulating 
electrodes was measured in terms of that stimulus strength which would just 
produce a recorded action potential of a fixed but arbitrary size. It was usually 
possible, by using weak stimuli of long duration, to traverse the stimulating 
electrodes across the end-plate region without eliciting a nerve-stimulated 
action potential. Consequently, we sometimes were able to obtain values for 
direct excitability throughout the whole length of a group of normal muscle 
fibres (Fig. 10a). The spatial distribution of excitability was:also obtained from 
the same muscle, after treatment with D-tubocurarine, when excitation through 


the nerve was blocked (Fig. 10c). These control results for normal muscle, and 


those for muscle paralysed by p-tubocurarine, were indistinguishable. Measured 
in this way the voltage required to excite at any point on the length of the 
untreated fibres lay between 1-5 and 2-5 V.x 0-5 msec.; such variations of 
threshold as we observed appeared to be due mainly to the presence of fascial 
thickenings at some points of the muscle surface; but these fascial fragments 
could not be removed without risk of damaging the muscle fibres. 
Measurements made after the intravenous injection of 0-24 mg. decame- 
thonium iodide showed a great decrease of excitability in the end-plate region. 
Fig. 106 gives the results of such an experiment. The two curves show the 
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excitability of the same muscle under the influence of decamethonium. It will 


be seen that excitability became least over the end-plate region, while the 
depression decayed in approximately exponential form with increase of distance 
from this point. The space constant of spread was about 1-5 mm., so that the 
muscle fibre 5mm. or more away from the end-plate had an excitability 
indistinguishable from normal. 

A considerable number of measurements must be made in determining an 
excitability curve such as one of those shown in Fig. 10. Consequently, we were 


ot 18 min. 


40 23 min. 
(b) 


Volts 


Sr (a) 
6 5 4 3 2 1 0 
Distance (mm.) 

Fig. 10. Cat, chloralose. Gracilis. Graph of excitability measurements in (a2) normal muscle; 
(6) 18 and 23 min. after 80 yg./kg. decamethonium intravenously; (c) after 0-7 mg./kg. 
D-tubocurarine intravenously. Ordinates, volts required to produce standard action potential 
by direct stimulation; abscissae, distance along muscle fibre of point of stimulation from 
centre of end-plate zone at zero. . 


only able to get accurate information about excitability changes an appreciable 
time after the injection of decamethonium, when the rapid initial effects of the 
drug were complete and conditions were changing more slowly. As was expected 
from a consideration of our measurements of local depolarization, we found that 
the area of the region of depressed excitability increased with time; this spread 
continued even while the excitability at the end-plate region was beginning to 
recover. The excitability curves in Fig. 10), obtained 18 and 23 min. after the 
intravenous injection of decamethonium, illustrate these points. 

Although it was impossible to obtain the complete spatial distribution of 
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excitability during the initial phase of action of decamethonium, we were able 
to record the direction of change of this excitability at the end-plate region 
continuously. This was done by fixing the stimulating electrodes over the end- 
plate zone and stimulating once every second with a weak (submaximal) shock, 
while recording the magnitude of the action potential arriving at the ends of the 
muscle fibres, as before. After an intravenous injection of 0-12 mg. decame- 
thonium the reduced excitability in the end-plate region, which we have already 
described, was preceded by a comparatively short period (about 15 sec.) in 
which the recorded action potential grew, indicating that excitability had been 
increased: It was during this period of increased local excitability that spon- 
taneous muscular twitching was seen, and the twitching ceased as the excitability 
Effect of decamethonium and of D-tubocurarine on conduction along the muscle fibre 

A consequence of the electrical inexcitability of the end-plate region which 


follows an injection of decamethonium is that an impulse elicited by direct 
stimulation of one end of the muscle fibre should be prevented from crossing the 


(a) (c) 
Fig. 11. Cat, chloralose. Gracilis. Direct stimulation of peripheral tip of muscle. Action potentials 
recorded (upper trace) 3 mm. peripheral and (lower trace) 3 mm. central to end-plate region. 
_ (a) normal muscle; (5) after 1 mg./kg. decamethonium intravenously; (c) after p-tubocurarine 
1 mg./kg. intravenously. First upward deflexion in all records is stimulus artifact. 


depolarized end-plate region; in the curarized muscle, however, such conduction 
from one end of the muscle fibre to the other should proceed normally. In the 
experiment of Fig. 11 the muscle was excited either directly by distal electrodes 
placed on the muscle near the tendinous end, or by shocks applied to the nerve 
to test the degree of neuromuscular block; records of action potentials were 
taken from pairs of electrodes on either side of the end-plate region. After 
D-tubocurarine, in a dose (1 mg./kg.) sufficient to cause complete neuromuscular 
block, conduction of the directly excited impulse from one end of the fibre to 
the other was still normal. But after the injection of a large dose of decame- 
thonium iodide (1 mg./kg.), although an action potential still spread from the 
direct stimulating electrodes as far as the end-plate region, it failed to cross and 
reach the recording electrodes on the other side. 
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End-plate propagation thresholds with decamethonium and with p-tubocurarine 


The evidence above has shown that the region surrounding the end-plate 
under the influence of decamethonium is no longer to be excited either by 
direct electrical stimulation or by the normal muscle action potential. It 
follows that it should be resistant to excitation by an end-plate potential. Now 
it is possible, by varying the dose of p-tubocurarine or of decamethonium, to 
vary continuously the size of an end-plate potential in a muscle treated with 
one of these drugs. By such means, we can determine the size of an end-plate 
potential which just fails to initiate a propagated response along the muscle 
fibre, i.e. the propagation threshold, and this will serve as another measure of 
the excitability of the muscle fibre surrounding the end-plate. If our argument 
hitherto is correct, the propagation threshold, measured in this way, should be 


560 nV. 


(a) 10 msec. (b) 


Fig. 12. Cat, chloralose. Gracilis. End-plate potentials recorded between centre of end-plate zone 
(above) or 2 mm. away (below) and musculotendinous junction. (a) after decamethonium; 
(6) after p-tubocurarine, with same amplification. See text. 


substantially higher in the muscle treated with decamethonium than it is in 
a muscle poisoned with p-tubocurarine, where there is no change of electrical 
excitability in regions close to the end-plates. ‘ 
In the experiment of Fig. 12, after the production of neuromuscular block 
by decamethonium, recovery was allowed to take place until the appearance of 
small irregular spikes on the end-plate potential, recorded 1 mm. away from the 
end-plate zone, indicated that propagation was imminent (Fig. 12a). p-Tubo- 
curarine was injected under the same conditions, and the propagation threshold 
was again determined; Fig. 120 is a tracing of the end-plate potential with 
which propagation failed completely (very small abortive action potentials 
being just visible on the lower trace). From these records the propagation 
threshold after decamethonium is about 34 times that after p-tubocurarine. 
This difference in propagation threshold presented itself in a striking way; 
if D-tubocurarine was injected while the muscle was under the influence of 
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decamethonium and the end-plate potential was close to propagation threshold, 
the first effect of the p-tubocurarine was to initiate propagation at the very 
moment that the end-plate potential itself was dwindling. Not until the end- 
plate potential had been reduced to one-third or less of its value initially did 
block return. 


Effect of polarizing current at the end-plate region on neuromuscular block 

If there is a causal relation between local depolarization and neuromuscular 
block, it might be possible to reinstate conduction by repolarization of the 
muscle membrane. We therefore applied polarizing currents through a saline 
wick supported in a coil of chlorided silver wire, and placed upon the end-plate 


+ve 
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Fig. 13. Cat, chloralose. Gracilis. Graph of height of muscle action potential to nerve stimulation — 


(in arbitrary units), after decamethonium 60 yg./kg. intravenously, with anodal and cathodal 
polarization of end-plate region. 


zone; the circuit was completed through a diffuse, distant electrode, and poten- 
tial was applied through a 10 MQ. resistance, while the current passed was 
recorded with a microammeter. Anodal polarization for a period of 15 sec. with 
a current of 300-400 »A. clearly increased neuromuscular conduction in 
a preparation partly blocked by decamethonium (see Fig. 13). Conversely, in 
the same experiment cathodal polarization of the end-plate region practically 
abolished transmission from nerve to muscle. 


These results may be epitomized by saying that, in muscles poisoned with 
D-tubocurarine, it is quite impossible to locate the end-plate region by measure- 
ments of excitability to direct stimulation. The same muscle treated with 
decamethonium presents a totally different picture; excitability in the end-plate 
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region may be decreased more than twenty-fold, and the end-plate zone is 
easily recognized as that part of the muscle length which will not respond to 
direct excitation. The end-plate region treated by decamethonium is thus one 
whose electrical inexcitability prevents any form of excitation from initiating 
a propagated response, and is to be contrasted with the curarized end-plate 
region which, though it is no longer to be stimulated chemically, retains its 
normal electrical excitability. 

Our evidence thus far, that neuromuscular block as a result of decamethonium 
is a result of depolarization, consists of the following facts: (1) the course in 
time of the depolarization resembles that of the block (compare Fig. 6 with 
Paton & Zaimis, 1949, Fig. 1); (2) the muscle fibre will not respond to direct 
electrical stimulation in the end-plate region during the block; (3) conduction 
of a muscle action potential along the fibre is blocked at the end-plate region; 
(4) propagation threshold at the end-plate is raised ; (5) artificial repolarization 


of the end-plate zone reverses the action of the drug. 


mV. Block (%) 
10 100 
90 
80 
r 70 
60 
50 
40 
30 
20 
10 


or Nw @ 


20 25 30 35 40 
Time (min.) 


Fig. 14, Cat, chloralose. Gracilis. Graphs of (a) degree of neuromuscular block, as % reduction of 
nerve-excited muscle action potential; (b) depolarization of end-plate region (in millivolts), 
against time in minutes. At 6 min. 40 »g./kg. decamethonium intravenously. 


The mechanism by which decamethonium produces block | 
We have so far made no distinction between the consequences of depolariza- 
tion immediately at the end-plate and of depolarization of the adj acent muscle 
fibre length. Although there is a clear connexion between depolarization of the 
end-plate region and the advent of neuromuscular block produced by 
decamethonium, the experiment of Fig. 14 shows that the degree of block 
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_ cannot be correlated directly with depolarization at the end-plate alone. Thus, 


as the depolarization at the end-plate progressed, neuromuscular block set in 
and was 50° complete when a recorded depolarization of 8-4 mV. had been 
attained, and the block increased rapidly as the depolarization continued, 
being virtually abolished at 10-0 mV. depolarization. During repolarization, 
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however, neuromuscular conduction did not reappear at the same value; but 
only when depolarization had fallen to 8-3 mV. did the muscle again respond to 
stimulation of its nerve, and 50% block did not return until the depolarization 
had fallen to 5-6 mV. The fact that neuromuscular block is not entirely depen- 
dent upon local conditions at the end-plate is also shown by the short period 
of superexcitability which occurs immediately after the injection of decame- 
thonium. In the early stages of the fall of demarcation potential, a single nerve 
volley will elicit a repetitive response from the muscle fibres, and spontaneous 
twitching is nearly always visible without nerve stimulation. These phenomena 
are all present during the induction of neuromuscular block with decamethonium ; 
the same degree of depolarization at the end-plate during recovery from 
decamethonium is invariably associated with depressed excitability of the 
muscle fibres and partial neuromuscular block. _ 

We have already shown that the spatial distribution of depolarization in the 
end-plate region is more restricted during induction than during recovery. It 
can be concluded, then, that it is because the depolarization spreads that the 
neuromuscular block becomes more effective for any given central depolariza- 
tion with lapse of time. For we have described how the initial local depolariza- 
tion first causes hyperexcitability of the muscle fibre to direct stimuli applied 
in the end-plate region, and later the same region becomes less excitable than 
normal muscle; later still, the area of relative inexcitability spreads as the 
depolarization spreads. Thus, as time progresses, normally excitable muscle 
membrane becomes further and further removed from the end-plate zone. 
Under such conditions the results of Fig. 12 are to be expected. 

We have already pointed out that another method of measuring excitability 
at the end-plates consists in a determination of the propagation thresholds 
for end-plate potentials. During the initial stages of depolarization with 
decamethonium a much lower propagation threshold was obtained than 
during recovery. The values obtained for induction and recovery were usually 
in the ratio of approximately 1:3, 

These results demonstrate that at least two factors contribute to the neuro- 
muscular block produced by decamethonium: | 

(i) the effect on the local reaction of the muscle membrane beneath the 
end-plate to a maximal nerve volley; this reaction (the end-plate potential) 
is reduced by decamethonium as the depolarization increases and is directly 
dependent upon local conditions at the end-plates; 

(ii) the spread of the barrier of inexcitability between the end-plates and the 
nearest excitable membrane. : 


The action of antagonists to decamethonium 
The antagonistic action of p-tubocurarine chloride and of pentamethonium 
to the actions of decamethonium has already been described elsewhere. But 


rt 
an 
H 
; 
4 
rt 
i 
| 
} 
i 
4 


put 


DEPOLARIZATION OF THE MOTOR END-PLATE 59 


it was observed by Brown et al. (1949) that the action of pentamethonium in 
restoring neuromuscular conduction was sometimes much more dramatic than — 
its action in repolarizing the muscle fibre, so that it was interesting to see 
whether its repolarizing action could account for its unblocking action. These 
experiments also provided evidence that the action of decamethonium is 
restricted to the end-plates themselves, for the repolarizing effects of penta- 
methonium and D-tubocurarine are exerted chiefly there, and only indirectly 
on the adjacent discharged membrane. 


Depolarization (mV.) 
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Fig. 15. Cat, chloralose. Gracilis. Graph (a) of height of muscle action potential to nerve stimula- 


‘% tion (arbitrary units); (b) of end-plate depolarization (millivolts), against time in minutes. At 


intravenously ; at (2), pentamethonium, 5 mg./kg. intravenously. | 


(1), 35 pg./kg.d t 


As was the experience of Brown et al. (1949), pentamethonium is not 
strikingly effective in repolarizing the muscle under the influence of decame- 
thonium; but the effect is certainly demonstrable (Fig. 15). In this experiment 
the depolarization of the fibre was recorded at the same time as the action 
potential height to nerve stimulation; 1 min. after 15 mg. pentamethonium 
iodide, the peak depolarization sank by 23 % and the action potential, which had 
been decreasing, increased from 32 to 56% of its control height. A significant 
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point was the slight flattening of the depolarization curve, indicating that 
the action of pentamethonium is only at the centre of the end-plate zone, and 
that it does not affect the secondarily discharged adjacent membrane. 


With p-tubocurarine, more striking effects can be produced. Fig. 16 consists 
of records from an experiment in which 50 ug. decamethonium iodide was 


followed by 5mg.D-tubocurarine chloride. 
The repolarization is quite rapid in 
this case, by about 60% in 1 min. 
Further, the flattening mentioned above, 
due to pentamethonium, is here seen as 
an umbilication of the record, so that 
the end-plate zone actually becomes 
less depolarized than its immediately 
neighbouring fibre membrane. That this 
dimple is in fact the end-plate region 
was shown by a further injection of deca- 
methonium which evoked again the 
typical local depolarization. 

These experiments, as was anticipated, 
support our belief that the primary 
action of decamethonium is at the end- 
plate itself. They also offer an explana- 
tion of the discrepancies in the action 
of pentamethonium referred to at the 


beginning of this section. For if the 


action of pentamethonium is restricted to 
lessening the depolarization at the very 
centre of the end-plate zone, it might 
well have a considerable effect in restoring 
_ the reduced end-plate potential (and 
hence the chance of initiating a propa- 
gated response in the fibre) without much 
reduction in the total depolarization. 
Indeed, if the pentamethonium was 
given early after the dose of decametho- 
nium (as it was in the experiments of 
Brown et al. 1949), the phase of spread 
might be still so rapid that total 
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Fig. 16. Cat, chloralose. Gracilis. Intra- 
arterialinjections. Distribution of potential. 
(a) 6 min. after decamethonium, 50 yg.; 
(b)-(e), 45 sec., 24, 4 and 6 min. respec- 
tively after p-tubocurarine 2 mg. injected 
immediately after (a). Immediately after 
(e), decamethonium 200 pg. injected; (/) 
20 sec, later. Amplification of potential 
increased 2 x for (e) and (f). 


depolarization could increase while peak depolarization was decreasing; we 
have seen just such a phenomenon simply during the progress of depolarization 
after an intra-arterial dose of decamethonium. The changes of potential 


recorded from a muscle with irregularly distributed end-plates, using long wick 
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electrodes randomly placed, would necessarily be measures rather of such total 


depolarization than of the peak depolarization. 


Experiments with polarizing currents 
Since it appeared that all the effects of decamethonium could reasonably be 
explained as due to persistent depolarization at the end-plates, the ultimate 
spread of this depolarization to involve the adjacent muscle fibre being 


a secondary phenomenon, we felt that these effects should be imitated by any 


other agent which caused a prolonged and local depolarization in this region. 
We therefore investigated the consequences of passing current into the muscle 
from a non-polarizable electrode placed over the end-plates. 

In these experiments a constant current of 100-300 yA. was passed between 
an electrode in the end-plate region and a diffuse electrode making contact with 
the cat’s body. The current which just caused detectable excitation of the 
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Minutes 


Fig. 17. Cat, chloralose. Gracilis. Graph of rise of potential difference between tip of muscle fibre 


~ 


and centre of zone of polarization. Cathodal current, 300 »A. Ordinates, millivolts; abscissae, 


time in minutes. Current switched off momentarily for observations during polarization. 


muscle was about 110 ~A. When the electrode over the end-plates was made 
negative, it caused a gradually increasing local depolarization of the muscle 
membrane and, when the current was switched off, this depolarization took 
a number of minutes to disappear. Fig. 17 shows the results of an experiment 
in which a cathodal current of 300 »A. was passed for 5 min. It will be seen 
that the induced depolarization both rose and decayed slowly; further, like the 
depolarization caused by decamethonium, the depolarization produced by 


_cathodal current spread spatially round a central plateau of about the same 


width as the polarizing electrodes, with a space constant of about 2 mm., and 
this spatial spread increased with time (Fig. 18). 

This depolarization could be annulled or reversed by applying anodal current 
for an appropriate time. 

Cathodal current, however, is normally used for excitation, and such currents, 
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if too small to excite directly, have been shown by many workers to increase 
excitability in the region of its application rather than to cause block, Thus, 
Katz (1939) has shown that cathodal current applied to the end-plate region of 
a partly curarized muscle will increase neuromuscular conduction. We have 

ted Katz’s observations in preparations where neuromuscular conduction 
was held at a steady level of depression by an injection of 1-5 mg. stasis 


10 mV. 


0 10 20mm. 
Fig. 18. Same experiment as Fig. 17. Records of distribution of potential (a immediately, 
(b) 95 sec. and (c) 44 min. after cathodal polarization for 5 min. Ordinates, depolarization ; 
abscissae, distance along muscle fibre. Centre of polarized area at 11 mm. 
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Fig. 19. Cat, chloralose. Gracilis. Graph of height of muscle action potential (as % normal) during 


followed by an infusion of the drug at 1-5-2 mg./hr. We used the action poten- 
tials recorded from the tips of a small group of muscle fibres in the gracilis as 
a measure of the number of muscle fibres responding to maximal nerve volleys. 
Fig. 19 shows the results of such an experiment during and after the application 
of cathodal current to the end-plate region. The first response to cathodal 
current is the dramatic increase of the muscle response, already described by 
Katz; as the current continues, however, the response wanes until it is ultimately 
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depressed beneath its original value. When the current is switched off the 
response returns slowly to the original level. 


Similar results can be obtained in normal muscle. Cathodal current applied . 


to the end-plate region will produce a steadily i increasing state of neuromuscular 
block, which passes off slowly after the current is stopped; this neuromuscular 
block is reversed by anodal current. But in normal muscle the early phase of 
superexcitability cannot be so well demonstrated. In our experiments this phase 
showed usually as a very small temporary increase in action potential, 

presumably due to the recruitment of a small number of muscle fibres 
previously unable to respond to a single maximal nerve volley. 

These experiments showed that all the fundamental features of neuro- 
muscular block induced by decamethonium could be imitated by cathodal 
current applied to the end-plate region, provided that this current was passed 
for a sufficient time. They lead us to believe that any method of producing 
a local, acute depolarization of the end-plate region would have consequences 
indistinguishable from the effects of an injection of decamethonium. Unfor- 
tunately, local depolarizations caused by trauma—cuts, burns, pinching— 
cannot be applied to the end-plate region without simultaneous nerve injury, 
and the effects of. depolarizations produced by trauma on conduction from 


nerve to muscle could not then be tested. There are, however, other chemical 


agents known to cause depolarization of end-plates in skeletal muscle. We 
should expect, for instance, that all the effects of decamethonium could be 
obtained with acetylcholine injected into the eserinzed animal. The end-plate 
region of frog’s striated muscle is known to be selectively depolarized by 
acetylcholine (Kuffler, 1943) and in the presence of eserine the local depolariza- 
tion should persist and spread. — 


Experiments with acetylcholine 
An arterial injection of acetylcholine into the gracilis of a cat caused an 


{ immediate depolarization of the end-plate region (Fig. 20). Fig. 21 shows the 
effects of a similar injection into the brachioradialis, in which a larger number . 


of poorly localized end-plate regions were being traversed by the moving 
electrode. In both these figures, the effects of an injection of decamethonium 
can be seen for comparison, and the areas depolarized and the distribution of 
the depolarization are almost identical, the only differences being in magnitude. 
The effect of acetylcholine was, of course, much more transient than that due 
to decamethonium, lasting not more than a few seconds. A previous dose of 
eserine (25-50 yg.), however, caused the depolarization to persist for several 
minutes, during which time the spread to adjacent negne was clearly 
recognizable. 

The same technique as with decamethonium was used to determine whether 
this depolarization also caused a en of the excitability of the muscle 
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fibre. Thus, after a dose of 100 pg. acetylcholine, injected into a muscle 
previously treated with eserine (50 yg), the end-plate region became electrically 
- jnexcitable, although the regions remote from the end-plate were still normally 
excitable. Further, as with decamethonium, this inexcitable end-plate region 
formed a point of block to the propagation of a directly excited muscle action 
potential along the fibre (Fig. 22). In a few experiments an injection of acetyl- 
choline was given in the presence of depolarization of the end-plate by 


SmV. 


2mm. 


(c) | 
Fig. 20. Cat, chloralose. Gracilis. Distribution of potential after intra-arterial injections of 
(a) decamethonium 25 yg.; (b) acetylcholine 25 ug. (c) Record from muscle before injections. 


Acetylcholine 


(a) 


0 10 20 30mm. 


Fig. 21. Cat, chloralose. Brachioradialis. Retrograde intravenous injections. Distribution of 
potential (a) in normal muscle; (b) after acetylcholine 25 yg.; (c) after decamethonium 25 yg. 


decamethonium. In these experiments a further depolarization was produced, 
intensifying that already existing, and appearing exactly as though an addi- — 
tional dose of decamethonium had been given. 

Finally, we have tested the effect of anodal currents at the end-plate region 
during neuromuscular block due to acetylcholine. Fig. 23 shows the result of 
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such an experiment. After 30 yg. acetylcholine was injected, about 80% block 


was induced, which was still becoming slightly deeper. The passage of an anodal 


current of 50 wA., however, stopped the increase of block, and initiated 


Fig. 22. Cat, chloralose. Gracilis. Direct stimulation of peripheral tip of muscle. Action potentials 
recorded (upper trace) 3 mm. peripheral and (lower trace) 2 mm. central to end-plate region. 
(a) Normal muscle; (6) after intra-arterial injection of 50 yg. eserine followed by 100 yg. 
acetylcholine. First downward deflexion in all records is stimulus artifact. , 


(a) 


(b) 


(9) 


10mvV. 


(e) 
20mm. 


Big. 23. Fig. 24. 
Fig. 23, Cat, chloralose. Gracilis. Graph of height of muscle action potential to nerve stimulation. 


Acetylcholine 30 yg., intra-arterially, followed by anodal polarization of end-plate region, : 


current 50 

Fig. 24. Cat, chloralose. Gracilis. Distribution of potential, (a) and (c) in resting muscle; (6) and 
(d) during tetanus to motor nerve at 690/sec. Between (5) and (c), 0-75 mg./kg. prostigmine 
methylsulphate intravenously. (e), 10 sec. after (d). 


Experiments with tetanization of a motor nerve 
In a normal gracilis, tetanization of the motor nerve for 5-10 sec. at a rate of 
70-690/sec.*produces ‘a depolarization at the end-plate region which is small 
(not more than 1-2 mV.), sharply localized, and very transient, — in 
PH. CXV. 
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2-8 sec. (Fig. 246). But after a dose of prostigmine, the depolarization is larger 
(Fig. 24d) and persists longer; it can now be seen to become less and less 
sharply localized as it passes off (Fig. 24e). ie 

It was not easy to do satisfactory experiments under these conditions because 
the depolarization was never great or long-lasting, and the neuromuscular 
block was never complete and was as transient as the depolarization. Accord- 
ingly there was never a steady state long enough to get careful measurements 
of excitability or of the effects of anodal current. It was possible to show, 
however, that the excitability was lowered at the end-plate region after 
tetanization of the motor nerve in the muscle treated with eserine; and that 
the passage of an anodal current before the'tetanus would lessen or prevent the 
onset of neuromuscular block after the tetanus. 

We have thus shown that tetanization of a motor nerve causes a transient 
depolarization at the end-plate, which is intensified and prolonged by an 


anticholinesterase, causes neuromuscular block and depresses the direct — 


excitability of the muscle, and that these effects may be reversed by the 
passage of an anodal current into the end-plate region. i | 


DISCUSSION 
| The action of decamethonium : 

The results of the experiments we have described show that the action of 
decamethonium, in doses adequate to paralyse, is confined to the end-plate of 
each muscle fibre or to regions close to it. The immediate effect of an injection 
of decamethonium is an acute collapse of resting membrane potential in this 
region; later, the depolarization spreads to involve neighbouring parts of the 
muscle fibre, but never invades the whole of it. This subsequent spread of the 
depolarization appears to be a secondary phenomenon, and one which is the 
physical consequence of any local depolarization, however caused. 

The initial, strictly localized change leads to a reduction of the response of 
the depolarized membrane to incoming nerve volleys. In the early stages, 
however, before the depolarization has had time to spread by discharging 
neighbouring areas, depression of the strictly local response may be more than 
"offset by an increase of excitability in regions very close to the depolarized 

end-plate. The spread of depolarization is effected by the slow discharge of the 
membrane potential in regions surrounding the end-plate (a process distinct 
from the rapid discharge of the membrane capacity, complete in milliseconds). 
In this process, current must flow thence into the depolarized area; this current 
appears, by addition to currents aroused by the end-plate response to a nerve 
volley, at first to cause the net excitability of the system to rise above normal. 
Hence, for a short time after an injection of decamethonium, a single nerve 
volley will elicit a repetitive response of the muscle fibre, a rise in excitability 
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oe detectable, and there may even be spontaneous contractions of the | muscle 


fibre. 

Soon, however, the depolarization spreads further, the excitability of 
membrane adjacent to the end-plate also falls, the end-plate potential can no 
longer excite the fibre, and neuromuscular transmission fails. 

Thus, although the action of decamethonium is one continuous process, it is 
convenient to regard the failure of transmission from nerve to muscle as due to 
two factors: a reduction of end-plate response to the incoming nerve volley 
(although the resulting blocking effect may be temporarily lessened by an 
increased excitability of adjacent membrane), and a slowly spreading barrier 
of inexcitable tissue which separates the diminished end-plate potential from 
normally excitable muscle fibre. 3 | 

It must be emphasized, however, that the first of these effects, the reduction 
of the end-plate response, is brought about in a totally different manner from 
the reduction of response caused by p-tubocurarine. For instance, the 


depolarizing action of decamethonium sums with that due to acetylcholine; 


similarly, on the frog’s rectus preparation, in which both acetylcholine and 
decamethonium elicit a contraction, the simultaneous addition of decame- 
thonium increases the action of acetylcholine. This ‘sensitization’ to the 
effects of acetylcholine causes also the repetitive discharge of a muscle fibre to 
single nerve shocks when under the influence of decamethonium. It is impor- 
tant to note that the repetitive firing is not confined to the period of potentia- — 
tion of the twitch, but may be seen continuously as the action potential 
dwindles and disappears. If, then, decamethonium, unlike p-tubocurarine, 
does not lessen the sensitivity of the end-plate to acetylcholine, it follows that 
the reduction by decamethonium of the end-plate potential in response to 
a nerve volley must be due to a reduction in the maximum response of which 
the end-plate is capable. Since the end-plate is already partially depolarized, — 
it is not surprising that the potential change which can still be evoked should 
also be reduced. In short, whereas D-tubocurarine interferes specifically with 
the sensitivity of the end-plate to acetylcholine, without interfering with its 
electrical excitability, decamethonium decreases the maximum local response 
to any form of stimulus, without reducing sensitivity to acetylcholine. 


The differences between decamethonium and D-tubocurarine — 
It has already been argued that there is a fundamental difference in action 


| between these drugs, despite the fact that they both produce a true neuro- 


muscular block by classical tests (Paton & Zaimis, 1949), and analogies with 
acetylcholine have been emphasized (Buttle & Zaimis, 1949; Zaimis, 1951). Our 
experiments demonstrate that the fundamental basis for the difference from 
D-tubocurarine, and the likeness to acetylcholine rests in the ability of 
decamethonium to cause a persistent depolarization of the end-plate region. 
5—2 
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The initially stimulant properties of the drug, most clearly seen on frog and — 
avian muscle, but clearly demonstrable even in the cat, are a natural consequence 
of such depolarization. The antagonism to decamethonium of those substances 
which raise the threshold of the muscle to acetylcholine (such as D-tubocurarine 
or ether anaesthesia) is likewise to be expected. Most important of all, the 
failure of anticholinesterases to relieve block by decamethonium is explained ; 
for these drugs can only prolong the action of released acetylcholine, thereby 
doing little more than to intensify the depolarization and inexcitability due to 
the decamethonium. 

We may explain too, with one additional assumption, the differences in 
response of a muscle to a tetanus when treated with decamethonium and with 
p-tubocurarine. This assumption is that as tetanization proceeds, the acetyl- 
choline released per nerve volley dwindles, as it is known to do in the cat’s 
superior cervical ganglion (Brown & Feldberg, 1936). In normal muscle 
tetanized through its nerve at a moderate frequency, it may be supposed that 
the tetanus is sustained despite a dwindling acetylcholine output per nerve 
volley, because there is at the start a large excess of acetylcholine (as Brown, 
Dale & Feldberg (1936) showed), which provides sufficient safety margin. In 
curarized muscle this fall in acetylcholine output can be revealed, because the 
sensitivity of the muscle to acetylcholine is lowered. A suggestion of this sort 
was, indeed, tentatively made by Brown (1938). But the muscle treated with 
decamethonium, in which the sensitivity to acetylcholine is not depressed, 
must behave like normal muscle and sustain a tetanus as well as normal muscle 
does. Indeed, the fact that a tetanus is well sustained in the muscle treated 
with decamethonium, but not in that treated with p-tubocurarine, provides 
support for the belief that the failure by curarized muscle to hold a tetanus is 
related to the raising of its threshold to acetylcholine. 


The action of acetylcholine : 

The properties of decamethonium at the neuromuscular junction assume 
a wider interest from the fact that they are shared by acetylcholine. The 
analogies between these two substances have been fully pointed out elsewhere. 
We may conclude, from the results of our experiments, that their likeness rests 
in a common ability to depolarize the end-plate region. The type of block which 
supervenes in eserinized muscle after a tetanus or after an injection of acetyl- 
choline; the interference with this block by p-tubocurarine (Briscoe, 1938); 
the electrical inexcitability of the end-plate region of such a muscle; these and 
many related phenomena have their precise counterpart in block due to 
decamethonium. 

We have shown that the block by decamethonium is due to the persistent 
depolarization at the end-plate to which it gives rise; and that there is no 
evidence that this block is due to the action of decamethonium anywhere else 
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on the muscle fibre, This makes it necessary to reconsider the conclusion by 
Brown et al, (1936) that the depressant effects of acetylcholine on a muscle are 
due ‘to action on the muscle fibre as a whole and not on its end-plate’. The 
depressant effects which they observed were all in circumstances under which 
significant amounts of acetylcholine could persist at the end-plate region 
(oedema of the muscle, acetylcholine injected directly into the muscle, and the 


presence of eserine); no doubt acetylcholine did under these conditions leak 


away and come into contact with parts of the muscle remote from the end-plate. 
But there is reason to doubt that acetylcholine in concentrations not much 


higher than those just adequate to excite the end-plate would have any effect — 


at all on the rest of the muscle fibres, since Kuffler (1943) showed that it needed 
1000 times more to excite muscle away from the end-plate. Such persistence of 
acetylcholine in the end-plate region would, however, cause just that persistent 


depolarization which we have shown to cause block. There appears, therefore, — 


to be no reason, in explaining the depressant action of acetylcholine, to suppose 
that acetylcholine then acts at any point other than the specifically sensitive 
end-plate region; but rather the depression is a consequence of the persistence 
of its depolarizing action, following the secondary depolarization and resulting 
inexcitablility of the adjacent membrane. 

To obtain the stimulant action of acetylcholine, Brown et al. (1936) showed 
that it must be applied to the muscle as rapidly as possible; hence their adop- 
tion of the close arterial route for their injections. The same is true of 
decamethonium, with which a vigorous twitch of tibialis can be readily obtained 
by close arterial injection, but which causes a trivial contraction or none at all 
by the intravenous route. Our experiments showing how the depolarization, 
and with it, electrical inexcitability due to these drugs, spreads with time, 
provide a reasonable explanation for these phenomena. It is clear that the 
depolarization of the end-plate will be able to initiate propagated contractions 
of the muscle fibre only so long as the adjacent membraneis sufficiently excitable. 
If the depolarization rises rather slowly, the surrounding inexcitability, rising 
with it, may in fact prevent it from ever producing a normal excitation; or if 
a few contractions are evoked, they will presently be cut short. The failure of 
acetylcholine to cause contractions unless given very rapidly may, of course, be 
partly due to opportunities provided by a slow injection for the action of 
cholinesterase; but the similarity of the behaviour of decamethonium, in whose 
disappearance cholinesterase can play no part, suggests that the rate of rise of 
acetylcholine concentration at the motor end-plate plays a significant role in 
addition. 


Finally, we have in these experiments adduced further evidence, if any is 


found necessary, that acetylcholine is the mediator between the nerve-impulse 
and the muscle fibre in mammalian muscle. We have shown that all regions of 
the muscle fibre are normally excitable to electrical stimulation even when 
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completely curarized. It is difficult to suppose that any process of electrical 
transmission could fail under conditions which would not reveal a local change 
of excitability to artificial direct local stimulation, particularly since profound 
changes of excitability are easily demonstrable when the muscle is paralysed 
not with p-tubocurarine but with decamethonium. On the other hand, we know 
that the curarized muscle is rendered insensitive to injected acetylcholine. 

The analysis of the action of decamethonium has thus had a significance 
greater than might have been predicted. For it removes two possible difficulties 
in regarding acetylcholine as the normal transmitter of nerve excitation to 
muscle, the fact that acetylcholine may be depressant and the fact that special 
conditions are necessary to display its action in initiating propagated responses, 
by showing that these two properties are just those which ‘necessarily follow 
from its excitant action. It is perhaps fortunate that natural curare does not 
produce block partly in the same way as decamethonium ; had this been the case 
the electrical theory of neuromuscular transmission would have been much 
strengthened for a while by the existence of a powerful blocking agent, with 
which electrical inexcitability was also associated. 


The mechanism of depolarization 


Our experiments have not been designed to analyse those processes by which 
acetylcholine or decamethonium causes a depolarization of the end-plate region. 
There are, however, three observations which may ultimately throw some light 
on the problem. First, the end-plate potential evoked by a stimulus to the 
motor nerve has the same time course when transmission is blocked by 
decamethonium iodide as when block is due to p-tubocurarine. This fact may 
imply that decamethonium does not greatly alter the electrical constants of 
the muscle membrane; but this observation requires closer analysis with 
internal microelectrodes at the end-plate. Secondly, it is interesting that 
@ preparation in which neuromuscular conduction is partly blocked with 
decamethonium is quite insensitive to either a burst of tetanic stimulation or to 
injected potasstum chloride, while potentiation of the twitch in a partially 
curarized muscle is well known to follow both treatments. Thirdly, we have 
already remarked that successive doses of decamethonium produce progressively 
smaller depolarizations, despite apparent recovery of membrane potential after 
each dose. This result can be explained if the entry of decamethonium into the 
interior of the fibre is an essential part of the depolarizing process. Depolariza- 
tion will then depend upon the concentration difference of the drug across the 
membrane so that apparent ‘recovery’ will take place as soon as there is the 
same amount inside as outside; but the decamethonium within a ‘recovered’ 
muscle can still reveal itself by lessening the rate of entry (and hence depolariza- 
tion) of a subsequent dose of decamethonium. 


It is interesting to note, if this process of depolarization by specifically rapid 
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entry of the drug is true for acetylcholine, that there is then an added reason _ 
for the presence of cholinesterase at the end-plate. Not only will it prevent the 
depolarizing action of acetylcholine giving rise to block of the kind we have 
described, but it will also prevent the persistence of acetylcholine inside the 
fibre from causing a progressive reduction of the effects of successive discharges 


of acetylcholine at the nerve endings. Whatever the correct interpretation of 


these results, we feel that they contain a key to the mechanism by which both 
decamethonium and acetylcholine depolarize the muscle membrane at the 
end-plate region. 
The properties of a persistent cathode | 

The characteristics of block by decamethonium or by acetylcholine, which 
we have described above, are not specific to these drugs. Rather are they the 
property of any process which gives rise to a persistent localized cathode. 
Common to all these processes will be, for instance, the secondary spread of the 
depolarization to involve the adjacent membrane, as current flows from the 
surrounding regions into the end-plate region. It seems probable, from what is 
known of the movements of ions in nerve and muscle, that this flow of current 
will involve the passage of potassium ions from within the fibre outwards to the 
interstitial space, in amounts corresponding to the current which enters at the 
end-plate. In this connexion it is interesting that a preparation in which 
neuromuscular conduction is partly blocked with decamethonium is quite 
insensitive to either a burst of tetanic stimulation or to injected potassium 
chloride, while potentiation of the twitch in a partially curarized muscle is well 
known to follow both treatments. 

Certain features of block due to a persistent cathode deserve emphasis; these 
are the initial excitation or increased excitability, the latency of onset while 


initial superexcitability passes into inexcitability, the spatial spread of inexcita- 


bility with time, the reversal of the block by an anode, and the lessening of the 
block by procedures which also lessen the associated excitation. A good deal 
of attention has been paid to analogies between the neuromuscular and other 
synapses, particularly those of the central nervous system. ‘So far as such 
analogies are valid (and this is very far from established) it must be expected 
that block due to a persisting depolarization should exhibit the same charac- 
teristics when it appears as an inhibitory process in the central nervous system 
as at the motor end-plate; the same features should be displayed—of initial 
excitation, latency, spread, anodal reversal, and removal of excitation and 
inhibition together by antagonists. Satisfaction of these criteria would be 
demanded, for instance, of acetylcholine, if it were proposed as a mediator of 
central inhibitory processes. But the criteria described are of more general 
relevance than this, and would have to be met by any mechanism suggested, 
which was supposed to cause an inhibition of neural activity by means of 
a depolarization of the neuronal membrane. 
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| SUMMARY 
1. Decamethonium, injected. intravenously or intra-arterially, causes a 
depolarization of the cat’s gracilis muscle. The depolarization is centred 
round that part of the muscle which contains motor end-plates, and the 


demarcation potential of the muscle fibre remote from the end-plate zone is 


not diminished. In normal gracilis muscle, there is less than 0-5 mV. potential 
difference between the end-plate region and the rest of the muscle fibre. 

2. The depolarization with intra-arterial injections may amount to 95% of 

the demarcation potential, but has never exceeded it. With intravenous 
injections, the depolarization rarely exceeds 30-40% of the demarcation 
potential. Successive doses produce progressively smaller depolarizations, even 
if time is allowed for full recovery from each dose. 
8. The depolarization, although limited to the end-plate region, always 
extends slightly beyond the area in which end-plate potentials may be 
recorded. The extent of the spatial distribution increases with time. Other 
local depolarizations produced by injury of the muscle fibre by cutting, pinching, 
or burning it, or produced by the application of a cathode to the muscle, all 
have a spatial distribution resembling that of the depolarization produced by 
decamethonium, and this distribution spreads in the same way with time. 

4, The end-plate region depolarized by decamethonium, after an initial 
transient increase of excitability which is associated with random spontaneous 
fasciculations, becomes inexcitable to direct electrical stimulation, although 
the muscle remote from the end-plate region remains normally excitable. The 


~ end-plate region now becomes a point of block to the propagation along the 


muscle fibre of a directly excited muscle action potential. After D-tubocurarine, 
on the other hand, the electrical excitability of the muscle remains unaltered, 
and propagation along the muscle fibre is unimpaired. 

5. The magnitude of end-plate potential necessary to elicit a propagated 
action potential is much greater in the muscle under the influence of 
decamethonium than in the curarized muscle. The inexcitability of the 


- muscle membrane around the point at which the end-plate potential is set up 


is therefore a principal cause of the neuromuscular block produced by 
decamethonium. 

6. The intensity of neuromuscular block for a given degree of end-plate 
depolarization increases, and the propagation threshold rises, as the depolariza- 
tion persists. During the early stages of a rapidly induced neuromuscular block 
by decamethonium, the propagation threshold is little higher than in the 
curarized muscle; the block is then largely due to a reduction of the local 
membrane response by the depolarization. 

7. Removal of the end-plate depolarization, by passing an anodal current 
at the end-plate region, restores neuromuscular transmission in a muscle 
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blocked by decamethonium. Cathodal currents, on the other hand, intensify 
block by decamethonium. 

8. Pentamethonium and p-tubocurarine will diminish or remove the end- 
plate depolarization produced by decamethonium, and the former will restore 
neuromuscular transmission at the same time. Both drugs, but particularly 


p-tubocurarine, repolarize the centre more rapidly than the outer part of the 


depolarized area. 


9, All the principal features of block by decamethonium can be reproduced 
with acetylcholine, or by tetanization of the motor nerve in the presence of an 
anticholinesterase, or by a cathode applied to the end-plate region. 

10. Itissuggested that the characteristic features of block by decamethonium 
and acetylcholine at the neuromuscular junction are simply those of any 
persistent cathode, and that these features will be displayed at other synapses 
whenever a transmission block, due to a persisting excitatory process, occurs. 
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CARDIAC RESTING AND ACTION POTENTIALS RECORDED 
WITH INTRACELLULAR ELECTRODE 


By M. DRAPER* anp WEIDMANNY 
From the Physiological Laboratory, University of Cambridge 
| (Received 26 April 1951) | 


Microelectrodes with an external diameter of less than 0-5. penetrate the 
surface membrane of skeletal muscle fibres without causing appreciable damage 
and can be used to record the resting potential and action potential (Ling & 
Gerard, 1949; Nastuk & Hodgkin, 1950). This technique has rapidly been 
extended to other tissues such as frog heart (Woodbury, Woodbury & Hecht, 
1950), myelinated nerve (Woodbury & Woodbury, 1950) and the giant axon 
of the cuttlefish (Weidmann, 1951a). The present paper contains an account 
of similar experiments with a preparation of mammalian cardiac muscle, and 
is a sequel to the preliminary reports by Coraboeuf & Weidmann (1949a, 5) 
and Draper & Weidmann (1950). Most of the experiments were performed on 
the ‘false tendons’ of the dog heart. These are slender bundles of the conductive 
system which run through the ventricular cavity of birds and mammals. 
Their muscular component is a syncytium of parallel fibres which in the dog — 
have a diameter of about 30. In ungulates where the conductive elements are 
histologically well differentiated they are known as Purkinje threads (Purkinje 
strands, Purkinje fibres). In canine and human hearts the conductive fibres 


-are said to differ in no essential histological feature from the fibres of typical 


cardiac muscle (Glomset & Glomset, 1940). We shall therefore employ the term 
false tendon to describe the dog preparation in preference to the better known 


_ one of Purkinje fibres. The principal results reported here are those concerned — 


with the absolute magnitude of the action potential and resting potential. 
The effect of sodium concentration has also been examined, and the results 
support the view that,electrical activity is due to a large and specific increase in 


the membrane permeability to sodium (Hodgkin & Katz, 1949; Hodgkin, 
Huxley & Katz, 1949). 


* Research Scholar, Australian National University. 
With a grant from the ‘Stiftung fr Biologiach- Medizinische Stipendien’, Basel. 
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METHODS 
Material 

Dogs of a great variety in age and weight were killed by an intraperitoneal injection of pentobar- 
bitone sodium, The dose for an animal of 10-15 kg. body weight was 1-2 g. (20 ml. of ‘Veterinary 
Nembutal’, Abbott). After complete cardiac arrest the ventricles were removed and carried to the 
laboratory in a Thermos bottle containing Tyrode solution at 37° C. Three networks of false tendons 
were cut out: (i) the anterior branch; (ii) the posterior branch of the left limb of the bundle of His 
with their arborizations; and (iii) false tendons connecting the medial papillary muscle and the 
wall of the right ventricle. The technique of dissection is explained in more detail by Goldenberg 
& Rothberger (1936). One of the preparations was mounted for experimentation whilst the 
remaining two were stored in a separate bath. The time between respiratory failure of the animal 
and immersion of the specimens in an aerated solution varied between 20 and 50 min. The pre- 
parations were inactive immediately after excision but spontaneous rhythmical contractions 
started in the course of the first hour. 

Kid hearts were studied on several occasions. They were taken from decerebrate animals which 
had been used in experiments of a different kind. The preceding treatment had involved the 
administration of acetylcholine and adrenaline as well as of cholinergic and adrenergic blocking 
agents. Most of these animals were between a few hours and some weeks of age (species Capra 
hircus, domestic varieties Toggenburg and British Saanen). 


Solutions 
The bathing solution (Tyrode, 1910) was composed of NaCl 8-0, CaCl, 0-2 (titrated), MgCl,.6H,O 
0-1, NaHCO, 1-0, NaH,PO,.2H,0 0-5, KCl 0-2, dextrose 1-0, aq. dest. 1000-0, and was freshly 
made up for every experiment from stock solutions of the various salts. For sodium-lack experi- 
ments a stock solution was prepared which, per litre of water, contained 274 m.mol. of saccharose 
instead of 137 m.mol. of NaCl. To obtain intermediate sodium concentrations this stock solution 
with a residual sodium content of 8-3% was mixed with normal Tyrode solution. 


Apparatus 
The muscle chamber (Fig. 1) was built of 3mm. ‘Perspex’ and measured 6:5 x 26 x 1-5 cm. 
(internal). It was firmly attached to the cover of a thermostatically controlled bath (15 x 15 x 15 
cm. external; 9 mm. Perspex). Tyrode solution was circulated by means of an air lift through which 
bubbled a pre-warmed and water-saturated mixture of 95% O, and 55% CO,. Mechanical dis- 
turbances caused by the intermittent inflow from the air lift could be diminished by a partition 
wall in the specimen bath. The preparation was held by a silk thread attached to its proximal end 
during the process of dissection and by pieces of watch spring which pressed on non-muscular 
tissue at the distal ends. The bathing solution could be changed by filling up an external reservoir 
which was connected through a heating spiral in the bath to the inlet drawn in Fig. 1. The fluid 
level in the specimen chamber was kept at a constant height (3-5 mm.) by suction. The temperature 
control was sufficient to keep the bathing solution within the limits of 37/38° C. The electrodes were 
introduced by means of a Singer micromanipulator with an independent vertical control. 


| Recording system 

Microelectrodes were drawn from Pyrex glass and selected as described by Ling & Gerard (1949). 
They were filled with 3 m-KCl (Nastuk & Hodgkin, 1950). Suitable electrodes had an electrical 
resistance of about 10-20 MQ. 

The recording equipment was similar to that used by Nastuk & Hodgkin (1950), and consisted 
of a push-pull cathode follower with precautions to reduce grid-earth capacities working into a 
direct coupled push-pull amplifier and a cathode-ray tube. The grid current of the input tubes 
(Sylvania 1223) was of the order of 5 x 10-1 amp. The time lag of the whole recording system was 


the 
hage 
& 
peen 
cht, 
bunt 
and 
b) 
on 
tive 
nals. 
dog 
are 
nje 
bres 
pical | 
rned 
itial. ; 
se in 
gkin, 


i 
3 


76 M. H. DRAPER AND 8. WEIDMANN 


determined by the method of Nastuk & Hodgkin (1950). The final deflexion of the output wave 
was reached in an approximately exponential way with » time constant which was roughly pro- 
portional to the resistance of the electrode and was usually of the order of 100 psec. The average 
value of the total input capacity of eight different electrodes was calculated as 8-44yyF. Of this 
2 upF. could be attributed to the effective grid-earth capacity of the cathode follower stage, while 
6 upF. was due to the capacity between the specimen bath and the inside of the electrode. 

The standard of potential was a calibrator built up in its essential parts of Muirhead components. 
The accuracy of the calibrator was estimated to be at least +0:5%. The leak resistance between 
the specimen bath and earth was about 1000 times higher than the maximum output resistance of 
the voltage calibrator. Non-linearities of the recording system were eliminated by evaluating all 


Fig. 1. Cover to thermostat-controll d bath with built-in specimen chamber. 


records against a calibration grid. The standard of time for high-speed records was an oscillator 
controlled by a Muirhead tuning fork. For low-speed records the mains frequency (50 cyc./sec. 
+10%) was used as a reference. 

A portion of the output voltage of the d.c. amplifier was used to vary the grid bias of a thyratron 
and thus control its frequency of discharge. A loudspeaker was connected to the cathode circuit 
of the thyratron. Changes in pitch signalled changes of the potential difference recorded by the 
microelectrode, This circuit enabled the operator’s visual attention to be concentrated on the 
microscope, while changes in pitch were used to determine when the electrode penetrated the 
surface membrane. 

The rising phase and crest of the action potential were brightened up by a pulse derived from 
the amplifier output and R-C coupled to the grid of the cathode-ray tube (time constant 2 msec.). 

Square pulses of polarizing current were introduced by means of a circuit comprising the follow- 
ing elements: a second indifferent electrode in the specimen bath, a 9 V. battery attenuated by 
potentiometer, a high-speed relay (Carpenter, type 3 G2) driven by an electronic square pulse 
generator, a 50 MQ. series resistor and a second intracellular microelectrode. The same set of 
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CARDIAC MEMBRANE POTENTIALS 
leading-in electrodes was also used to stimulate the preparation electrically. Short shocks for this 
purpose were obtained from the discharge of a thyratron. 

A double-channel recording system was required on one series of experiments. This was obtained 
by connecting alternately one or the other cathode of the cathode follower tubes to the input. of 


the main amplifier at # frequency of 200 cyc./sec., by means of a Carpenter relay. The system was 
free from cross-modulation. 


RESULTS 
: The penetration of the microelectrode 

Fig. 2 illustrates the sequence of events which was observed when a micro- 
electrode was lowered into cardiac muscle at a speed of about 30,../sec., left 
intracellular for a few seconds and then withdrawn. Minor potential changes 
which show no regularity in shape or sign occurred as the electrode tip passed 
through the endocardial layer and connective tissue. Deflexions with a positive 
sign may be attributed to a combination of grid current and an increase in 
electrical resistance at the tip of the electrode. Negative deflexions (as in Fig. 2) 
cannot be explained in this way, but their small size and irregular nature made 
it difficult to investigate their origin. The interesting part of the record begins 
at the moment when the electrode tip is thought to penetrate the surface 
membrane of muscular tissue. At that moment the potential recorded from the 
electrode suddenly changed and attained a value which was about 90 mV. 
negative to the external solution. Since the preparation was beating spon- 
taneously the potential did not remain constant but underwent a series of 
rhythmical changes with an amplitude of about 120 mV. These changes were 
astonishingly constant in form as may be seen from Fig. 3, which shows a 
typical succession of action potentials recorded from a rhythmically heating 
cell. The uniformity of these records is remarkable, since the preparation con- 
tracted at each beat and the electrode tip underwent a displacement of the 
order of 50u. Howéver, the electrodes were extremely flexible and it must be 
supposed that movement relative to the surface membrane was reduced to a 


_ minimum by the extensive network of connective tissue. As a rule the repro- 


ducibility of successive action potentials was of the order of +1 mV. 

In Fig. 2 the electrode was withdrawn after five action potentials had been 
recorded. It can be seen that the potential returned sharply to its reference 
level. 

It was found that the penetration of the fibre usually occurred during 
mechanical systole. As a rule electrical changes of the type shown in Fig. 2 
could be obtained when the electrode was lowered anywhere into the syncytium. 
But it was also possible to impale a fibre which had been selected micro- 
scopically, 

Electrodes with a tip diameter greater than 1 .. could not-be pushed through 
the connective tissue of a dog false tendon. While this meant that many 
electrodes had to be rejected it had one desirable effect, since the experience 
of Ling & Gerard (1949) indicates that such electrodes would have damaged 
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the surface membrane and might have resulted in low values for the resting 
potential. 


Fig. 2. Potential changes recorded when the tip of an electrode was introduced into a muscle fibre 
and subsequently withdrawn. The interval between successive action potentials was 1-4 sec. 


Fig. 3. Record showing reproducibility of successive action potentials. The frequency of the time 
base was made nearly equal to that of the heart beat. Time marks at intervals of 100 msec. 
Potential — lines are 10 mV, apart. 


In the false ee of the kid the resistance to penetration was even greater. 
As a rule only a few places could be found where it was possible to insert the 
microelectrodes and electrode tips were easily broken in the search for suitable 
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spots. The lad preparation has an advantage, however, in that the electrodes 
can be left intracellular for many minutes since mechanical activity is ex- 
tremely weak or practically absent. 


til 


(0) 


Fig. 4, Monophasic action potentials recorded from false tendons of the dog heart. Trace (1) was 
obtained with the electrode tip inside a muscle fibre, trace (2) with the opening of the electrode 
in direct contact with the bathing solution. Time marks at intervals of 100 msec. 


Experiments of an exploratory kind were performed with cardiac muscle of 
other animals. In Aplysia auricle, frog auricle and chick embryo heart the 
electrode would often come out during contraction. False tendons of new- 
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born calves were tried on three occasions, but it has not so far been possible 
to get ari electrode through the apparently very tough connective tissue. False 
tendons of the rabbit, the cat, the pig and the horse were found to be suitable 


| The shape of the action potential es 
During diastole the membrane potential in false tendons of the dog may stay 
practically constant as seen in Figs. 3 and 4, but some slow depolarization as in 
Fig. 2 was most usual. The slow drift in potential may be regarded as a 
‘prepotential’ (Arvanitaki, 1938) leading up to a new phase of activity or it may 


Fig. 5. Upstroke of an action potential photographed at a sweep frequency of 2000 cyc./sec. The 
film was exposed between the end of diastole and the beginning of the plateau part of the 
action potential, | 


be identified with a positive after-potential (Goldenberg & Rothberger, 1936). 
We have taken the highest potential reached in the course of the cardiac 
cycle as the resting potential. | ome. 

The whole action potential usually lasted for 300-500 msec. It consisted of an 
initial spike with a duration of 3-10 msec.; this was followed by a plateau 
which was terminated by a phase of repolarization. The main part of the 
plateau might lie above or below the line of zero reference. The duration of the 
plateau could be considerably shortened by driving the preparation at higher 
frequencies (p. 86). The spike was sometimes separated from the plateau by 4 
notch, as shown in Fig. 4b. Action potentials of kid Purkinje fibres showed the 
same general characteristics; a typical curve is reproduced in Fig. 9. 
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Fig. 5 illustrates an action potential recorded at a sweep speed which is 
sufficiently high to bring out details of the rising phase. The maximum rate of 
rise was measured graphically in fifty-seven records obtained from eleven dog 
hearts; its average value was 510+ 140 V./sec. (s.p.). In kid Purkinje tissue 
the maximum rate of rise averaged 670 + 180 V. |sec. (eleven measurements on 
seven preparations). These values are too low, since there was an appreciable 
lag in the recording system. Graphical correction of eleven records from false 
tendons of the dog by the method of Burch (1890) resulted in an average slope 
of 610+ 300 V./sec, (s.D.). This same correcting procedure revealed that with 
a time constant of 100sec. in the recording system the true i of a 
typical action potential was cut by less than 1 mV. 


The absolute magnitude of the ~— potential and action seat 
A. Dog 


The quantitative results obtained in 312 impalements are summarized in 


Fig. 6. The average resting potential was 90 mV. with a standard deviation of 
+6 mV. The action potential had an average amplitude of 121 mV. and the 
membrane reversal one of 31 mV. (s.p.+5mV.). When successive impale- 
ments were made on the same preparation the average values for each pre- 
paration varied between 80 and 98 mV. (resting potential) and 25-38 mV. 
(membrane reversal). The standard deviation for each preparation averaged 
+ 3mV. for both resting potential and membrane reversal. 


In Fig. 7 all the results are plotted against the time after the death of the 


animals, and straight regression lines have been fitted to the points. The 
regression line for the resting potential is not significantly different from a 
horizontal line (slope= +0-07 mV./hr.; s.z. of slope= +0-14 mV./hr.). The 


values for the membrane reversal, on the other hand, show a significant decrease 


(slope = — 0-67 + 0-14 mV. /hr.). 
A certain number of results had to be discarded in calculating average values. These were as 


(1) The values obtained on the first sixteen hearts were all rejected. They were less consistent 
because of various technical imperfections and lack of skill. Of the twenty-two following hearts 


two preparations never started to beat properly. This left twenty hearts to be considered. 


(2) The shutter of the camera was as a rule only opened when the electrode was considered to be 
clearly intra- or extracellular. Systematic records of attempted yet unsuccessful impalements 
were kept in one series in which the potential changes were recorded in the manner illustrated by 
Fig. 2. Out of a total of sixty-four attempted impalements the following findings can be reported: 
three attempts resulted in potential differences of 14 mV. or less. In these cases there was no sign 
of rhythmical activity and it was assumed that the electrode had never pierced a membrane of 
muscular tissue. One record showed non-reproducible rhythmical changes reaching a maximal 

‘resting potential’ of 39 mV. It is assumed that this electrode was never properly sealed into the 


surface membrane. On two occasions the electrode penetrated properly but came out again before 
the third cycle of activity. Only the curves from the remaining fifty-eight impalements would have — 


been photographed, if the usual procedure had been applied. These fifty-eight values all fell within 
the limits of 80-98 mV. for resting ‘potential and 22-86 mv. for membrane reversal. In thirty-five 
PH. CXV. | 6 
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records out of fifty-eight the final potential values were reached during the first cycle of activity, 
in nineteen records during the second cycle, in three during the third and on one occasion during 
the fifth cycle. It seems reasonable to assume that under certain adverse impaling conditions the 
sealing-in of the electrode may take an exceptionally long time. 

(3) Five traces out of a total of 312 were rejected for the reason that the reference level before 
and after the impalement differed by more than 1 mV. ' : 


50= Membrane reversals 


Number of observations 


Fig. 6. Frequency distribution of values measured for the resting potential and for the membrane 


reversal in the dog. 


(4) When the specimens were exhausted after several hours of activity in vitro, the first signs 
of a rapidly progressing deterioration were disturbances in rhythm (alternans, bigeminus, flutter) 
or an abnormal lengthening of the plateau. Since such changes usually preceded any appreciable 
drop in resting and action potential there was little difficulty in deciding when an investigation 
into the normal values ought to be ended. 

(5) In evaluating a series of about ten impalements it was frequently found that one single value 
fell short of the average by 5-10 mV. while the rest of the values scattered by not more than +2 mV. 
Although it seems evident that such impalements were made under unsatisfactory conditions, 
results of this kind were not rejected in calculating the average. 
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. Kid 
jee values were recorded in Purkinje fibres of twenty-four kid hearts 
_ (fifty-seven impalements). The resting potential fell close to that in dog heart 
(94 mV., 8.D.+8 mV.), but the action potential and membrane reversal were 
appreciably higher, 135 and 41 +6 mV. 
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Fig. 7. potenti lotind agninet the time after the death 
of the animal (dog). 


Control experiments 
The hole in the surface membrane 

Nastuk & Hodgkin (1950) described an experiment with two microelectrodes by which the short 
circuiting effect of the hole around the tip of the electrode could be assessed in the frog’s sartorius 
muscle, One microelectrode was inserted in the ordinary way and the potential from it recorded 
continuously. A second microelectrode was then inserted into the same muscle fibre at a distance 
of 200. from the first. The drop in potential associatéd with the second puncture was measured 
by the first electrode and was found to be less than 2 mV. This experiment also met the objection 
that the resting potential might have been depressed by the grid current of the input tube. 

Using a double-channel recording system the same check was repeated on a fine branch of the 
kid Purkinje network which, as subsequently verified in cross-sections, contained one single unit: 
of 65. diameter. The space constant of kid Purkinje fibres was determined as about 2 mm, 
(Weidmann, 19515), and since the greatest distance separating the two electrode tips was 490 p. it 
may be expected that any potential drop caused by the. penetrating electrode would be recorded 
almost completely by the first electrode. The average fall in potential amounted to 0:8 mV. 
(twenty-two determinations). 
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In false tendons of the dog we found it difficult to judge whether two electrode tips, some 100 y. 
apart, were really in the same fibre. The technique was therefore modified so that the second 
electrode was coupled as a leading-in electrode for pulses of anodal current. The sudden appearance 
of potential changes superimposed on the resting potential was taken to indicate that the second 
electrode had penetrated. An extrasystole could also be obtained with cathodal current, and the 
potential level at which it arose was found to be not much less than the 20 mV. required at the site 
of stimulation in kid Purkinje tissue (Weidmann, 19515). The fall in resting potential caused by the 
penetrating electrode averaged 1-1 mV. (twelve determinations) while there was no detectable 
drop in membrane reversal. These results suggest that the measured resting potentials of kid and 
dog heart may be 1 or 2 mV. lower than those in undamaged cells. 

The grid current of our input tubes tended to make the inside of a cell more positive. This ex- 
compensated by grid current. 


The effect of cut ends 

than 1 im. from the nearest cut surface and the 
question had to be settled whether proximity to an injured region is likely to have affected our 
values. It has long been known that heart muscle, when mechanically damaged, has a tendency 
to heal over (Adrian, 1921). This process has in the past caused much difficulty in recording strictly 
monophasic action potentials. Striking evidence for ‘healing over’ in false tendons of the dog was 
provided by the observation that cut branches contracted in the immediate vicinity of the plane 
of section. It was possible to impale individual fibres at a distance of less than one fibre diameter 
from the cut end, and the values for resting and action potentials were found to be the same as in 
any other part of the preparation. On one occasion records were taken during the first hour follow- 
ing a fresh section. Mechanical activity ceased at once near the cut end and the resting potential 
went down to a value below 20 mV. Co-ordinated contractions near the plane of section were back 
after 23 min. with a resting potential of 63 mV. and a membrane reversal of 23 mV. Forty minutes 
later the resting and the action potential had reached their original values, 90 and 120 mV. 
respectively. 


Junction potentials 

The potential jump recorded when the opening of the electrode is pushed through the surface 
membrane of a fibre is composed of: (i) the membrane potential proper, and (ii) the difference in 
the two liquid junction potentials electrode-T yrode solution and electrode-myoplasm. The following 
experiment on kid false tendons shows that the observed membrane reversal cannot be attributed 
to junction potentials. The potential was continuously recorded with an intracellular electrode, 
whilst the normal bathing solution was exchanged for a Tyrode solution saturated with chloroform. 
Spontaneous activity ceased almost immediately, and in a few seconds more the resting potential 
fell to a new steady level at about 11 mV. short of the reference potential (three experiments). The 
assumption that disintegration of the surface membrane is the cause of the potential fall was tested 
on one occasion when a rectangular pulse of current was fed through a second electrode into the 
same fibre. The membrane d.c. resistance fell off simultaneously with the resting potential to 
reach a value indistinguishable from zero. These experiments indicate that the potential difference 
across the membrane at the height of the spike exceeded the liquid junction potential myoplasm- 
Tyrode solution by about 40 mV. and that loss of selective permeability cannot account for the 
potential values encountered at the crest of the action potential. They also suggest that the 
potential difference between Tyrode solution and myoplaem may be of the order of 10 mV. with 
the myoplasm negative. 


Artifacts due to movement 

The following observations ake it very unlikely that movement of the electrode tip relative to 
the muscle surface membrane was responsible for main features of the monophasic action potential 
in false tendons of the dog: (i) Mechanical activity of heart muscle is known to cease in a calcium- 
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free solution though electrical activity persists (Locke & Rosenheim, 1907; Mines, 1913; Daly & 
Clark, 1921). On one occasion, applying a calcium-free solution, we recorded an average resting 
potential of 90 mV. and an action potential of the usual shape and magnitude (120 mV.). Mechanical 
sotivity was reduced to such an extent that it was barely visible with a microscope of 90 x. 
magnification. (ii) Another preparation was immersed in a Tyrode solution in which NaCl was 
substituted by isoamotic saccharose. Spontaneous activity as well as conduction were reversibly 
abolished in such a solution, while the resting potential was slightly increased (see p. 88). The 
electrode tip was observed through the microscope and the proximal stump of the false tendon was 
pulled rhythmically in order to produce displacements similar to those observed during actual 
contractions, The records show humps of not more than 3 mV, which may either be due toa rélative 
shift between the electrode tip and the surface membrane or may signify a true change in resting 
potential on stretch. (iii) Purkinje fibres of the kid were in many cases mechanically quiescent, 
but the action potentials had the same characteristics as those recorded in false tendons of the dog. 


The narcotic | | 

Irreversible damage caused by veterinary nembutal (Abbott) could be excluded in two ways. 
(i) False tendons of three shot dogs had average resting potentials of 82, 88 and 91 mV. and average 
membrane reversals of 30, 28 and 32 mV. These values are not higher than those found in dogs 
killed with nembutal. (ii) A preparation originating from a shot dog was exposed during 15 min. 

f to an extremely high concentration of the narcotic, 120 mg. of pentobarbitone sodium in 100 ml. 
_ of Tyrode solution (about 100 times as much per litre as used per kg. of dog). Rhythmical activity 
ceased during the first minute and by the end of 15 min. the resting potential was down to 40 mV. 
After washing out the narcotic the resting potential and the action potential recovered and were 
fully restored in 20 min. 

On one occasion a dog was narcotized at the laboratory (ethylchloride 8.r. (chloroethane) and 
ether) and the dissection started while the heart was still beating. The values for that particular 
heart were 89 and 28 mV., no greater than those from preparations which had been kept under 
anoxic conditions for a considerable period before the start of the experiment. 


Dog plasma 

dogs). Table 1 suggests that the potentials may be a few millivolts lower in dog plasma. Pre- — 
liminary experiments have shown that the resting potential is very sensitive to changes in the 
potassium concentration. Tyrode solution contains 2-7 m.mol. of potassium per litre of water, 
dog plasma about 4-0 m.mol. (Hastings & Eichelberger, 1937) of which about 25% is probably 
bound (Ropes; Bennett & Bauer, 1939). Resting potentials as low as 75-80 mV. were currently 
measured in the beginning of this investigation (Coraboeuf &Weidmann, 19496). This can partly 
he explained by the fact that these earlier experiments were performed with Krebs’s solution which 
contains 4-7 mm. of electrochemically free potassium. | | 


TABLE | 
(+ figures refer to the standard deviation; in brackets the number of impalements) 


Resting potential in Tyrode solution 88+2 (12) 9142 (5) © 

Resting potential i plasma 85 +1 (5) 9143 (14) 
Membrane in solution 28+3 (12) 32+5 (5) 

Membrane reversal in dog plasma 28+2 (5) 29+2 (14) 


Heart rate 

So far our measurements refer to preparations beating spontaneously at frequencies below 
60/min. while the heart rate in an intact dog is of the order of 100/min. (Clark, 1927). One pre- 
paration with a spontaneous rhythm of 50/min. was driven by short shocks applied through a 
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second intracellular electrode. The frequency was increased in seven steps (60, 80, 128, 156, 175, 
220, 255 shocks/min.), each particular frequency being maintained for 2 min., after which time a 
record was taken. A significant decrease in the résting potential and of the membrane reversal 
first appeared when the frequency came up to 220 beats/min. ie Geration of the sation potential 
decreased from 400 msec. at 50 beats/min. to 240 msec. at 175 beats/min. 


Fig. 8. Diphasic action potential recorded by means of two intracellular electrodes, 6-57 mm. 
- apart. Time marks at intervals of 1 msec. 


Conduction velocity 

Conduction velocity was measured by inserting two micro-electrodes into 
a spontaneously active preparation. Each electrode was connected to one of 
the input terminals of the cathode follower stage while the bath was earthed. 
The distance between the electrode tips was measured with a micrometer 
eyepiece. Fig. 8 illustrates a typical result. In this record, a marks the rising 
phase of the action potential at the first electrode, and b that at the second 
electrode. The interval between a and 6 was taken to be the conduction time. 
In practice these potential changes were differentiated electrically, and the 
conduction time was measured as the distance between the two crests in the 
differentiated curve. In false tendons of the dog the values for conduction 
_ velocity scattered between 1-3 and 3-2 m./sec. with an average of 2-0 m./sec. 
(s.D. + 0-5 m./sec.; ten determinations; three hearts). Previous measurements 
of conduction velocity in dog false tendons were those of Lapicque & Veil (1927) 
and Maeno (1930). These authors obtained figures of 0-5 and 2-0-3-5 m./sec. 
respectively. The higher figures would now seem more probable. 
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In Purkinje fibres of the kid the average conduction velocity was 2-2 m./sec. 
(s.p. + 0-5 m./sec.; nine determinations; four hearts). This figure is appreciably 
higher than that reported by Erlanger (1912) for Purkinje fibres of the calf, 


m./sec. | 


Sodium ions and the membrane potential 

_. Hodgkin & Katz (1949) and Hodgkin e al. (1949) recently suggested that the 
surface membrane in the squid giant axon could be considered as sparingly 

sodium permeable at rest but highly permeable to sodium ions during activity. 


Fig. 9. Action potentials of a Purkinje fibre of the kid: (a) in Tyrode solution, (6) in a test solution 
containing 13% of the normal sodium. Time marks at intervals of 100 msec. 


Since sodium ions are about ten times more concentrated in sea-water than 
inside the fibre such a process might account for the large value of the reversed 
potential difference at the crest of the action potential. Support was given to 
the ‘sodium hypothesis’ by showing: (i) that the potential difference measured 
across the active membrane varied in the same manner as the theoretical 
potential of a sodium electrode; (ii) that the rate of rise of the action potential 
was proportional to the external concentration of the sodium ions. — 
Similar results in favour of the sodium hypothesis were subsequently obtained 
on frog sartorius muscle (Nastuk & Hodgkin, 1950), and on isolated fibres of the 
frog sciatic (Huxley & Stampfli, 19516). Our own findings on false tendons of 
the dog and on Purkinje tissue of the kid are illustrated by Figs. 9-11, and may 
_ be summarized as follows: 
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(1) Reduction of the extracellular sodium concentration (substitution of 
NaCl by isosmotic saccharose) resulted in no consistent change in resting 
potential but caused a substantial fall in the amplitude of the action potential. 

To a first approximation the membrane reversal varied with the logarithm of 
the extracellular sodium concentration as expected on the assumption that the 


1 


| 
Resting potentials 
| 
8 10 15 20 50 100 150 


Percentage of normal sodium (logarithmic scale) 


Fig. 10. Resting potentials and membrane reversals as a function of the extracellular sodium : 
concentration. Circles refer to Purkinje fibres of the kid, crosses to false tendons of the dog. 


The values plotted as ‘normal’ are averages of the potentials measured before and after the 
application of the test solution. 


active membrane is predominantly permeable to sodium ions. The broken line 
in Fig. 10 is drawn through the average membrane reversal of 38 mV. and with 
a slope calculated from the formula for a sodium electrode at 37° C.: 


a 
E=6155 mV. 
(2) eaeatie the sodium concentration to 150% of its siciail value (solid 
NaCl added) resulted in a slight increase in membrane reversal which was 
similar to that — the sodium 
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__ per se on the shape of the action potential, and secondly to get results with 
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_ (3). Propagation of an action potential failed when the external sodium con- 
centration was reduced below values between 10 and 20 °%, of the normal. The 
smallest. conducted action potentials had amplitudes of 73, 75 and 83 mV, 
(three experiments). 

(4) The rate of rise of the action potential was decreased in sodium-poor 


solutions. A quantitative treatment of the data was not attempted since most 


of the records were not taken at a sufficiently high sweep deiner 
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Fig. 11. tote of plolted againet the concentration 


of NaCl in the extracellular fluid. 


(5) The rate of slow depolarization in diastole was found to be approximately 
proportional to the extracellular sodium concentration. Relative values for 
Fig. 11 were obtained by dividing the total amount of the diastolic potential 


2 : fall by the duration of diastole. 


(6) The duration of the action potential decreased in sodium-poor solutions 


__ &nd increased in a solution containing excess NaCl. 


(7) Harlier findings on the action of sodium-deficient ulate could be 


_ eonfirmed in a qualitative way, thus a slowing up of the spontaneous rhythm 
_ (Daly & Clark, 1921), a decrease in propagation velocity (Daly & Clark, 1921) 


and an increase in the force of contraction (Daly & Clark, 1921; Wilbrandt & 


Koller, 1948). 


In doing these experiments we found it necessary to drive the preparations 
at a constant rate. This was done first to exclude any effect of the frequency 
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sodium concentrations in the region of 20% of the normal where spontaneous 

activity would cease while excitability and conduction would be unimpaired. 

The time required for equilibration i in the test solution was 2-5 min. with false 

tendons of the dog and 10-20 min. with Purkinje tissue of the kid. Asa rule the 
effects of the test solutions were completely reversible. 


DISCUSSION 


The results of the section ‘Control experiments’ seem to justify the iiideion 
that the measured resting and action potentials approximate closely to absolute 
values, The reported figures may not strictly apply to the hearts of living 
- animals, but they refer to preparations which are in a suitable state for a study 
of changes in resting and action potential induced by various alterations in 
environment. Our numerical results may be compared with those of previous 
investigators (see Schaefer, 1942, Table 3 and p. 28). The values obtained with 
external electrodes vary over a wide range, which is not surprising since their 
magnitude must depend on the degree of extracellular short-circuiting and on 
the position of the electrodes relative to the main fibre direction in the cardiac 
syncytium. The membrane potentials reported in this paper are about twice 
as high as the largest ones ever obtained by means of external electrodes; this 
means that under the most favourable leading-off conditions the extracellular 
shunting resistance is equal to the resistance of the myoplasm. 

There have been controversial reports as to whether the active membrane 
in cardiac tissue is simply depolarized (Bernstein hypothesis, 1912), or whether 


activity is associated with a transitory reversal of the potential difference as 


shown for a number of other excitable cells (see Table 2 of Huxley & Stampiii, 
1951a@). It seems to us that most of the experimental findings previously 
gained with external electrodes favour the presence of a membrane reversal 
in cardiac muscle. However, some authors have rightly considered the possi- 
bility that one of the electrodes might have led off from an irresponsive yet not 
totally depolarized region (see Katz; 1947 and Schaefer & Trautwein, 1949). 
_ The results obtained with intracellular electrodes (Woodbury ef al. 1950; 
present paper) now seem to leave no reasonable doubt that the membrane 
potential in active heart muscle can reverse its sign. 

The presence or absence of an initial spike is no less controversial (see Adrian, 
1921 and Schaefer & Trautwein, 1949). There are technical reasons which may 
be responsible for ‘a considerable reduction of a short spike actually present; 
for example, a lag in the recording system or the use of large electrodes leading 
off from a non-synchronously active region. The spike may also be reduced by 


deterioration in physiological condition. This certainly: happened in the first: 


experiments by Coraboeuf & Weidmann (1949a) and could later be observed 
on many occasions when there was reason to assume that the preparation had 
been damaged. On the other hand, an initial spike may appear on the record 
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where a truly monophasic action potential would be unspiked. Thus Adrian 
(1921) demonstrated a gradual change-over from an unspiked into a spiked 
action potential (frog heart) and this could be attributed to activity returning 
under the indifferent electrode. Records obtained with intracellular electrodes 
(Woodbury ef al. 19560) confirm the unspiked action potential for frog heart and 
‘show that the upstroke continues directly into the plateau, the membrane 
potential staying reversed for several hundred msec. In the present investiga- 
tion no potential changes resembling mono- or di-phasic action potentials 
could be recorded when the position of the microelectrode was extracellular. 
This is taken as evidence that action potentials recorded from the inside of a 
fibre are free from diphasic artifact and ‘extrinsic components’. It therefore 
seems necessary to adopt the view that the true shape of the cardiac action 
potential may be spiked or unspiked depending on the preparation and 
possibly on the experimental conditions. Woodbury, Hecht & Christopherson 
(1951) recently made the interesting observation that a stepwise rise in 
temperature to 30°C. caused the unspiked action potential of frog heart to 
change into the spiked curve characteristic of the mammalian conductive 
system. 

It may be asked whether the resting potential across the surface membrane is 
sufficiently high to account for the large accumulation of potassium ions inside 
the cells. In rat heart the intracellular concentration of potassium has been 
determined as 131 m.mol./kg. fibre water (Lowry, 1943); the potassium content 
of Tyrode solution is 2-7 mm. Inserting these values into the equation for a 
concentration potential at 37° C. and assuming equal activity coefficients on 
either side of the surface membrane we obtain 


E=61°5 [K],/[K].=105 mV. (outside positive). 


This potential difference, which would keep a system with a potassium ratio 
of 1 : 49 in equilibrium is somewhat higher than the measured resting potentials 
of 90 and 94mV. But a better agreement can hardly be expected since the 
estimation of the internal potassium concentration is subject to some error and 
was obtained on a different mammal. Other sources of uncertainty arise from 
the assumption of equal activity coefficients and from the fact that the tissue 
has no steady resting potential but undergoes rhythmical electrical changes. 
Also Tyrode solution may have less potassium than is available in plasma. 
The intracellular sodium content of rat heart is given as 13 m.mol./kg. fibre 
water (Lowry, 1943), while the bathing solution used in the present study had a 
_ sodium content of 149mm. An exclusively sodium permeable membrane 
separating these solutions would be the seat of a potential difference of 65 mV. 
with the outside of the cell negative to the inside. The average reversed p.d. 
‘at the crest of a cardiac action potential was found to be considerably lower 


_ (81 and 41 mV.). However, it seems probable that the intracellular sedium 
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concentration was underestimated, since the method used by Lowry (1943) is 
based on the assumption that there is no intracellular chloride. Furthermore, 
the sodium hypothesis does not demand that the value for a sodium electrode 
be reached; the active membrane is assumed to be predominantly yet not 
exclusively permeable to sodium ions. 

The observed relationship between the external sodium concentration and the 
magnitude of the membrane reversal is in support of the sodium hypothesis. 

In the present study no check was made on a possible action of saccharose 
itself, nor was the effect of the sodium deficiency separated from a possible 
effect of the chloride deficiency. The assumption that alterations in membrane 
potentials are mainly due to changes in the extracellular sodium content must 
thus be based on evidence obtained in other tissues (Hodgkin & Katz, 1949; 
Nastuk & Hodgkin, 1950; Huxley & Stampfli, 19515). 

Two possible explanations may be mentioned for the slow but silileant 
deceiings of the membrane reversal with time (Fig. 6): (i) a steady increase of 
the intracellular sodium content and (ii) a gradual decrease of the maximal 
permeability of the active membrane to sodium ions. On the first assumption 
the maximal rate of rise of the action potential should hardly change as time 
elapses; on the second assumption the rising velocity should undergo a con- 
siderable decrease. A straight regression line was fitted to the values for 
maximum rising velocity (false tendons of the dog, values uncorrected for the 
time lag in the recording system). This line falls from 640 V./sec. at the time 
l hr. to 380 V./sec. at the time 10 hr. (slope, 29 V./sec./hr.; s.z. of slope, 
17 V./sec./hr.). This result is consistent with the second alternative but does 
not exclude the first. 

The autorhythmicity of heart muscle is probably connected with the 
existence of a slow depolarization during diastole (Arvanitaki, 1938). The experi- 

ments with different external sodium concentrations suggest that both the slow 
depolarization during diastole and the rapid depolarization during the spike 
depend upon the entry of sodium. It is not: unreasonable to find a large difference 
in time scale, since the experiments of Hodgkin et al. (1949) suggest that sodium 
permeability increases continuously as the membrane potential is reduced. A low 
rate of sodium entry would therefore be expected at high membrane potentials. 

On this view the stability of most excitable tissues depends on the permeability 
to sodium ions being less than that to ions such as potassium and chloride, 
which by their distribution tend to hold the membrane potential at its resting 
value. It is not difficult to imagine that a quantitative change in the relative 
permeabilities to these ions might account for the rhythmicity of heart muscle. 

Another way of explaining the slow depolarization during diastole is to suppose 


normally extrudes sodium from the interior of the cell. 


that it depends on a temporary depression of the secretory mechanism which _ 
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SUMMARY 


Resting action potentials of muscle were 
measured by leading off from a large volume of extracellular fluid and from a 
microelectrode inserted at right angles through the surface membrane of a 
fibre. 
. In dog heart (‘false tendons’ of the conducting system) the seeing 
ales" averaged 90 mV. and the action potential 121 mV. Corresponding — 
values for Purkinje fibres of the kid were 94 and 135 mV. 

8. Evidence was obtained that the hole in the surface membrane around the 
tip of a typical electrode (0-5. external diameter) caused no appreciable 
electrical shunt. Junction potentials may be expected to have negligible values 
since the electrodes were filled with 3m-KCI. 

4. Monophasic action potentials had a duration of 300-500 msec. They 
consisted of an initial spike, a plateau and a phase of repolarization. The 
upstroke of the action potential occupied less than 0-5 msec. and the maximum 
tate of rise was of the order of 500-1000 V./sec. In diastole a slow potential 
drift (depolarization) was usually observed. 

5. The mean velocity of conduction was determined as 2-0 m./sec. in false 
tendons of the dog and as 2-2 m./sec. in Purkinje fibres of the kid. 

6. Results are reported which favour the hypothesis that electrical activity 
is associated with a large and specific increase of the membrane permeability 
to sodium ions. Thus substitution of extracellular NaCl by isosmotic saccharose 
resulted in no significant change in resting potential but caused a large and 
- feversible decrease in action potential. To a first approximation the active 
~ membrane followed the law for a sodium electrode at 37° C. (potential change 
_ of 61-5 mV. for a tenfold change in the sodium ratio). 

17. A reduction or increase of extracellular sodium resulted in a proportional 
_ change in the rate of slow diastolic depolarization. It is suggested hypothetically 


that an increase in net inward sodium current is the cause of the diastolic 


_ Adrian, E. D, (1921). J. Physiol. 55, 193. 


_ potential fall which in turn is responsible for autorhythmicity. 


_ We wish to express our indebtedness to Mr A. L. Hodgkin and to Mr A. F. Huxley for their 
advice and helpful criticism at every stage of this work. a 


REFERENCES 


_ Arvanitaki, A. (1938). Propridtés Rythmiques de la Matiére Vivante. Etude Expérimentale sur le 
Myocarde d’Helix. Paris: Hermann. 
Bernstein, J. (1912). Elektrobiologie. Braunschweig: Views. 
Burch, G. J. (1890). Proc. Roy. Soc. 48, 89. 
Clark, A. J. (1927). Comparative Physiology of the Heart. Cambridge University Press. 
~ Goraboeuf, E. & Weidmann, 8. (19492). C.R. Soc. Biol., Paris, 148, 1329. 

& Weidmann, 8. (19490). C.R. Soc. Biol., Paris, 148, 1360. 


- 
\ 
a 
# 
‘ 
4 
4 
a 
4 
3 
i 
af 
cH 
2) 
4 
| 
4 
a 


94 M. H. DRAPER AND 8. WEIDMANN 


Daly, I. de Burgh & Clark, A. J. (1921). J. Physiol. 54, 367. 

Draper, M. H. & Weidmann, 8. (1950). Abstr. XVIII int. physiol. Congr. p. 179. 
Erlanger, J. (1912). Amer. J. Physiol. 30, 395. 

Glomset, J. & Glomset, A. T. A. (1940). Amer. Heart. J. 20, 677. 

Goldenberg, M. & Rothberger, C. J. (1936), Pyliig. Arch. ges. Physiol. 237, 295. 
Hastings, A. B. & Kichelberger, L. (1937). J. biol. Chem. 117, 73. 

Hodgkin, A. L., Huxley, A. F. & Katz, B. (1949). Arch. Sci. physiol. 3, 129. 
Hodgkin, A. L. & Katz, B. (1949). J. Physiol. 108, 37. 

Huxley, A. F. & Stampfli, R. (1951 a). J. Physiol. 112, 476. 

Huxley, A. F. & Stampfli, R. (19515). J. Physiol. 118, 496. 

Katz, L. N. (1947). Physiol. Rev. 27, 398. 

Lapicque, M. & Veil, C. (1927). C.R. Soc. Biol., Paris, 97, 127. 

Ling, G. & Gerard, R. W. (1949), J. cell. comp. Physiol. 34, 383. 

Locke, F. 8. & Rosenheim, O. (1907). J. Physiol. 36, 205. 

Lowry, O. H. (1943). Biol. Symp. 10, 233. 

Maeno, T. (1930). Fukuoka Acta med. 23, 774. German summary, p. 48. 
Mines, G. R. (1913). J. Physiol. 46, 188. 

Nastuk, W. L. & Hodgkin, A. L. (1950). J. cell. comp. Physiol. 35, 39. 
Ropes, M. W., Bennett, G. A. & Bauer, W. (1939). J. clin. Invest. 18, 351. 
Schaefer, H. (1942). Spezielle Elekirophysiologie, 2. Wien: Deuticke. 

Schaefer, H. & Trautwein, W. (1949). Pfliig. Arch. 251, 417. 
Tyrode, M. (1910). Arch. int. Pharmacodyn. 20, 

Weidmann, 8, (1951a). J. Physiol. 114, 372. 

Weidmann, S. (19515). J. Physiol. (in the Press). 

Wilbrandt, W. & Koller, H. (1948). Helv. physiol. pharmacol. Acta, 6, 208. 
Woodbury, J. W. & Woodbury, L. A. (1950). Fed. Proc. 9, 139. 

Woodbury, L. A., Hecht, H. H. & Christoplferson, A. R. (1951). Amer. J. Physiol. 164, 307. 
Woodbury, L. A. Woodbury, J. W. & Hecht, H. H. (1950). Circulation, 1, 264. 


oe 
AY 
; 
} 
4 
ay 
- a 
4 
4 
f 
ay 


J. Physiol. (1951) 115, 95-100 


THE ENERGY EXPENDED CARRYING LOADS UP 
AND DOWN STAIRS: EXPERIMENTS USING THE 
KOFRANYI-MICHAELIS CALORIMETER 


By D. ORSINI (British Council Scholar) an R. PASSMORE 


From the Department of Public Health and Social 
Medicine, University of Edinburgh 


(Received 4 May 1951) 


_ Estimations of the energy cost of performing standardized tasks of physical 
work, either in the laboratory or under field conditions in industry, have been 
carried out by the methods of indirect calorimetry over the last forty years. 
The use of the Douglas bag and of the Haldane gas analysis apparatus for this 
purpose has been proved reliable in many laboratories. Yet these standard 
methods are always time-consuming, and the Douglas bag under some conditions 
_ eneumbers the subject. In practice this has limited the acquisition of data 
 goneerning the cost of different types of physical work. Most text-books which 
- deal with nutrition and muscular exercise repeat a short list of figures for a few 
| activities, but there are huge gaps in our knowledge., In many circumstances 
"it is of practical importance to be able to assess whether a definite task is ‘hard 
_ work’ or ‘light work’. Present data are seldom sufficient for an accurate 
_ assessment of the metabolic cost of work, and any new technical development 
_ which would facilitate experimental measurements would be of value both to 
nutritionists and industrial physiologists. 


APPARATUS 


For such a purpose Kofranyi & Michaelis (1941) have described a portable 
_ apparatus for measuring respiratory exchanges. This consists of a dry gas meter 
which automatically measures and, at the same time, collects aliquot samples 
_ of the air passing through the meter. The continuous sample, in volume from 
} 0-2 to 0-7% of the total air passing through the meter, is stored in a rubber 
_ bladder and subsequently analysed in the usual manner with the Haldane gas 
_ analysis apparatus. The great advantage of the calorimeter (hereafter called 
_ the K-M calorimeter) over the use of Douglas bags for the measurement of the 
| : volume of the expired air is that the limitation imposed by the capacity of the 
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bag is avoided. In consequence continuous readings can be taken for periods 
up to 15 min. or longer. In practice we have found that some subjects may be 
unable to breathe normally through a mouthpiece for longer periods, owing to 
dryness and discomfort in the mouth. The apparatus, however, greatly 
facilitates the estimation of the metabolic cost of activities, both under 
laboratory conditions and in industry, for periods up to this limit. 

Through the courtesy of Dr Magee of the Ministry of Health, a K-M calori- 
meter from Germany has been lent to us. Before using such an instrument it 
was essential to test its reliability in two points. First, the K-M calorimeter 
must record consistently over a very wide range of rates of flow. Secondly, 
there must be no change in the composition of the sampled air whilst it remains 
in the rubber bladder; or, if changes do occur, they must be consistent and 
capable of correction. 

To test the first point, either a Douglas bag or Henndict spirometer was filled 
with a measured volume of air and then emptied through the K-M calorimeter 
at different speeds. The K-M calorimeter readings are shown in Table 1 for 
rates of flow from 2-0 to 180-0 1./min. The readings are consistently low, but 
with a correction factor of 1-18 they are accurate to within +2% for rates 
of flow up to 86 1. /min. Above this rate there is a gradually increasing under- 
recording. The meter is thus consistent over the range of rates of flow found 

under physiological conditions. 


and then emptied through the K-M calorimeter 


7 Vol. recorded 
Rate of by K-M 
Vol. of air flow i 
20 5-1 1-18 
3-0 5-0 1-20 
30 18-0 25-9 1-16 
27-6 5-1 1-18 
30 45-0 25-4 1-18 
30 60-0 25-2 1-19 
30 86-0 24-9 1-20 
30° 164-0 24-1 1-24 
30 180-0 22-9 131 


The original sampling bladder had been lost before we received the meter, 
so we purchased an ordinary football bladder and this has proved satisfactory. 
When not in use the bladder was kept slightly distended with expired air, and 
the rubber presumably nearly saturated with CO,. On three separate occasions 
we have blown the bladder up with about 200 ml. of expired air, and immedi- 
ately estimated the CO, content of the contained air, and repeated the estima- 
tion again after 30 min. The CO, content dropped 0-09, 0-04, and 0:06%. The 
expired air on these occasions had been in contact with the rubber twice as 
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long as in our subsequent experiments. Therefore, under our conditions of 
work, losses were very small and we have not corrected for them. 

_ The real test of any new apparatus is by direct test against established 
experimental procedures. Table 2 records measurements of the metabolic cost 


: of four different standardized physical activities, using alternately the 
Douglas bag and the K-M calorimeter. The agreement between the results is 


close and leaves little room for doubt of the reliability of the German meter, 


at least under these standardized laboratory conditions. 


and the K-M calorimeter 
Expired air 
Time of Ventila- A Total 
‘Bubject and collection Methodof  tionrate CO, 0, consum 
activity collection (1./min.) (%) (%) (L, 8.7.2.) 
R.P., standing eyes 8-8 3-09 17-26 2-73 
at ease K. oe 8-8 3-20 17-19 2-75 
K-M meter 8-9 3-16 17-40 2-59 
Douglas bag 8-1 3-25 17-04 2-65 
R.P., 17 steps/ 17°8 4-71 15-21 4:29 
min. on to a K-M meter 20-2 451 15-83 4-32 


Before using the meter under industrial conditions, it seemed desirable to 
gain experience and test it further by studying a relatively simple problem in 
the laboratory. Accordingly, we undertook a study of the cost of walking up 


_ and down stairs carrying various loads. Such a study, carried out with Douglas 


bags, would be very laborious, involving frequent awkward changes of the bag 
in the middle of activities and very large numbers of gas analyses. The use of 
the K-M calorimeter enables the recordings to go on continuously without 
interruption of activity and greatly reduces the number of gas analyses. 


EXPERIMENTAL 


venient. This ascended two floors with an intermediate landing, and encircled a central lift. There 
were fifty-three steps, each 15-3 om. high, giving a total vertical height of 8-15 m. The horizontal 


distance which had to be covered with each ascent or descent was 37:2 m. Each ascent and descent 


was made in exactly 1 min., giving rates of motion vertically 490 m./hr. (1610 ft./hr.) and hori- 

zontally 2-23 km./hr. (1-37 miles/hr.). This speed was chosen because it was convenient and com- 

fortable for climbing with heavy loads. It was slower than the natural speed with a light load. 

PH. CXV, 


05 449 1587 422 4 
12-16 K-M meter 20-2 4-65 15-75 4-32 4 

D.O., 20 steps/ 0-4 K-M meter 30-0 3-86 16-75 4-65 4 

min. on to a 4-8 bag 28-8 4-08 16-56 469 

10 in. stool 8-12 K-M meter 28:8 4-01 16-42 4-85 4 E 

12-16 Douglas bag 28-5 4-32 16-23 5-00 

R.P., 17 steps) 0-8 Douglasbag 27-7 4-88 15-11 

20 in. stool 0-6  §$K-M meter 30-9 4-90 15-21 11-04 q 4 
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round a large laboratory class-room, Each measurement of oxygen consumption was recorded over 
5 min. of the exercise, i.e. five ascents or descents. Between each of these a return journey standing 
in the lift was necessary. This journey also took 1 min., this time being determined by the fact that 
our lift is without power and must be hand-pulled. After the excrcise, collection was continued for 
a further period of 5 min. with the subject standing at ease. Thus each record covered a period of 
15 min., made up of five 2 min. periods of alternate exercise and standing in the lift and a final 
5 min, of standing, that is 5 min. of exercise and a combined total of 10 min. for recovery. That this 
recovery period was ample for complete repayment of oxygen debt was shown on many occasions 
by the subject, immediately after the 15 min. recording, being transferred to a Benedict spirometer. 
The rate of oxygen consumption when standing was always substantially the same at the end of the 
recording period as that recorded before the beginning of the exercise. 

The experiments were carried out in the morning. A light breakfast was consumed, and the 
subjects rested for half an hour on arrival at the laboratory. Each day records were made standing 
at ease, walking on the level,and ascending and descending stairs. This involved four and sometimes 
five periods, each of about 15 min., breathing through the mask and into the K-M calorimeter. 
In our opinion the majority of healthy persons can act as subjects for four consecutive periods of 
15 min. each, with short intervals between each period. If the number of observations or their 
length is increased, then irritation caused by the mouthpiece or dryness of the oral mucous mem- 
brane will upset the normal respiration in some subjects, 

The weight of the apparatus together with the light clothing worn was 7-8 kg. The two subjects, 
R.P. and D.O., had nude weights of approximately 63 and 77 kg. By means of small alterations 
of the pocket contents, the total weight (body, clothing and K-M calorimeter) was adjusted to 70 
and 85 kg. respectively. Experiments were performed with each subject carrying the meter alone 
and additional loads of 15 and 30 kg. These were made up of small sand-bags and books. The 15 kg. 
load was carried in a military pack, borne on the back attached to standard military web equipment. 
The 30 kg. load was divided into three: the larger portion, about 20 kg., was carried in the pack, 
webbing from the opposite shoulder. | 


RESULTS 
Table 3 shows the cost of standing, of walking on the level, and of walking 
down stairs and up stairs for two subjects, each with three different loads. 
Each figure in the table is a duplicate of two observations made on separate 
days. All the duplicates are the means of readings agreeing within + 7%, and 


TaBLE 3. Metabolic cost of walking on the level and up and down 


stairs with various loads 
(All values expressed as Calories per hour) 
5 Walking 
Total A 
load on the down up External 
Subject (kg-) Standing level stairs stairs work 
R.P. 70 82 185 250 480 + 82 
D.O. 85 86 175 230 540, + 99 
R.P. 85 84 210 270 625 + 99 
D.O, 100 190 245 640 +117 
R.P. 100 110 255 330 850 +117 
D.O 115 200 330 795 +134 


_ R.P.: wt. 63 kg.; ht. 182 om. 
D.O.: wt. 77 kg.; ht. 177 om. 
Horizontal motion (all movements) 2230 m./hr. 
3 Vertical motion (clinching up and: down) 490 m./hr. 
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all but three agreeing to within +5%. The figures given for R.P. with 100 kg. 


~ Toad are, however, based on single readings. For this subject the load was 


approaching the maximum without training, and with further readings a 


_ training effect would have come in. For all other observations the work was 
__ well within the capacity of the subject, and being a normal everyday activity, 
no improvement on training could be expected. | 


The results raise two old problems, namely the real level of mechanical 
efficiency of human muscle and the metabolic cost of negative work. The human 
body differs from any machine in that, not being a rigid structure, energy 
must be expended in maintaining posture during the movement; in addition 
to carrying out the external work. Thus with a load of 70 kg. walking upstairs, 


-_R.P. has a mechanical efficiency of 16-7, 20-6 or 27-8% , according as to whether 
- the whole cost of climbing, the cost of climbing less the cost of standing, or the 
~ cost of climbing less the cost of horizontal walking is taken as the total energy 


needed to perform the external work. In all cases the cost of walking downstairs 
was greater than the cost of horizontal walking. This extra energy was un- 


- doubtedly spent in maintaining the body posture in between the steps. We do 


not fall simply from step to step. If we assume that the cost of this postural 


activity is the same going up stairs as going down, then the efficiency of the 


performance of the external work of vertically raising the body is 


. External work done x 100 
Cost of ascending — (cost of descending + negative work of descent) ' 


Table 4 shows the efficiencies calculated in this way. 


Tase 4. The efficiency of climbing up stairs with varying loads, calculated by using the 
| total energy exchange going down stairs as the basic level of expenditure 


Efficiency % 
Total load A 
(kg.) R.P. 
70 55 

85 38 47 
100 29 42 
115 40 


The great fall in efficiency of R.P. with the heavy load reflects the fact that 
this load taxed his capacity for work to the utmost. By contrast, D.O. carried 
the extra loads with much less difficulty. Any determination of efficiency of 


_ human work in mechanical terms is, of course, an artificiality and comparisons 


must not be pushed too far. These figures do emphasize that in any task a large 


_ proportion of the energy expended goes in maintaining body posture, and that 


if this amount is subtracted from the total cost, the resulting estimated efficiency 


__ of the external mechanical work is high. 
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SUMMARY 


1,. The metabolic cost of standardized activities in the laboratory has been 
determined by indirect calorimetry using both the Douglas bag and the 
Kofranyi-Michaelis calorimeter. Good agreement has been obtained between 
the two methods. 

2. The Kofranyi-Michaelis calorimeter has been used for a study of the cost 
of climbing both up and down stairs carrying heavy loads. It is concluded that 


much of the energy expended in these activities is used in maintaining body | 


posture between steps. If this energy is subtracted from the total cost, the 
— efficiency of the external work hence is high and may be as much 
as 50%. 


We wish to thank Dr H. E. Magee for supplying us with the calorimeter, and Dr A. H. Kitchin, 


Dr ¥. Masosk sod Mr Gordon for help with the experiments 
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_A THEORY OF THE EFFECTS OF FIBRE SIZE 
IN MEDULLATED NERVE 


_ By W. A. H. RUSHTON 
From the Physiological Laboratory, University of Cambridge 
; (Received 10 May 1951) 


Our knowledge of the mechanism of nerve action is still iri fica to predict 
what happens in terms of electrical and chemical structure. If our theoretical 
knowledge were as weak in every aspect as it is upon the behaviour of the 
excitable membrane, we should not be able to predict confidently any relation 
but this—that two nerves which were exactly the same in structure, composi- 


tion and properties, must behave in exactly the same way. However, both 


Ringer’s fluid and axoplasm appear to be homogeneous conductors, so the 
current distribution in those regions is exactly defined by electrical theory. 
If, then, two nerves are not identical but have membranes with the same 
specific properties, it might still be possible to compare them exactly. For, 
though the properties of the membrane are unknown, they are the same in the 
two nerves, and though the distribution of current in Ringer and axoplasm 
is different it is precisely understood. 

It turns out that there is only a very narrow range of conditions which will 
permit this argument being applied. It is when the two fibres are dimensionally 
similar, which is nearly the same as their being geometrically similar. 

Now the interesting thing is that the nerve fibres do, in fact, exhibit the 


_ structural similarity demanded by the theory, and hence it is worth while to 


examine how far the variation in properties also accords with theoretical 
predictions. 
THE ARGUMENT 


The assumptions and definitions will first be set out, and then it will be 


demonstrated that it is only possible to argue from one nerve to another if 


certain proportions exist between their dimensions. Finally, it will be shown that 


if these proportions do exist, then the two nerves are dimensionally similar, 


and that everything which happens in one will, in ‘similar’ circumstances, 
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Assumptions 


Regularity. The two nerves to be considered are assumed to have the usual 
cylindrical shape but to be quite regular, uniform in diameter, sheath thickness, 
internodal length, nodal gap-width, etc. 

Homogeneous media, The axoplasm and external fluid obey Ohm’s Law; the 
composition and specific properties are the same for the two nerves. 

The cross-section area of the external fluid is assumed large compared to 
axon area, but the argument would remain essentially the same if it were 
- assumed proportional to the axon area in each case. 

The internodal sheath. This is formed principally by the myelin which is 
assumed to act passively as a leaky cable in the conventional manner. The 
specific properties of the myelin are the same in the two cases. 

The nodal membrane. It is assumed that the current which escapes from the © 
axon through the nodal cleft excites a cylindrical band of membrane through 
which it passes. This nodal membrane is the only ‘active’ structure in the 
nerve, Its specific properties are assumed the same for both nerves to be 
compared, This means that if we could observe independently a small element 
of membrane from each nerve when the current is passed through according to 
any time curve whatever, then, provided that the current density is at every — 
instant the same in the two nerve elements, the ee across the membrane 
will be found identical at each instant. 

The resting potential. This is the same in both nerves. 

across the axis cylinder. Whatever may be the microscopic evidence for such a structure, and 
electron microscopy does little to support it (Rozsa, Morgan, Szent-Gyérgyi & Wyckoff, 1950, 
Fig. 16), excitability relations are quite inconsistent with a transverse membrane being the one 
stimulated by an applied current. For such a current must be axial to affect this membrane, 
_ and excitability should be best where the axial current is strongest. But with bipolar stimulation 
the axial current is strongest half way between the electrodes where the excitability is zero and 


with symmetrical tripolar stimulation (cathode in the middle) the excitability is maximal at the 


Definitions 

Let |=internodal length; d=internal diameter of myelin, = axon diameter; 
D=external diameter of myelin, = fibre diameter; a = area of nodal membrane. 

Corresponding points, Events take place in the two nerves upon a different 
scale of distances, and in order to compare them it is convenient to consider 
‘corresponding points’. These are indicated in Fig. 1 where corresponding 
points lie on the same line radiating from O. For instance P,, P, are corre- 
sponding points, and so are Q,,Q,. As is clear from the figure, the scaling is 
proportional to the internodal length. We are not assuming that fibre thickness 
and nodal gap are necessarily scaled in the same proportion, so there is a 
departure from precise geometrical similarity at the nodes. 
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Corresponding states. For nerves to be in “corresponding states’ all pairs of 
corresponding points must be equipotential. But this is not a sufficient 
definition, since the nodal membranes are not necessarily in corresponding 
states when the membrane potentials are the same, e.g. just at the beginning 


of an action potential as compared with some point at the end. The specific 


properties of the membranes have to be defined in terms of the time curve of 
carrent density, and the present definition must also involve the history of the 
nerve potentials in addition to their instantaneous values. It will be sufficient 
here to define two nerves as being in ‘corresponding states’ when all corre- 
sponding points are equipotential and have been so for a long time. This means 
that though the potentials have in general varied, they will have varied aie 
the same time curve in corresponding pans. 


This idea is ee to the present treatment. Only if corresponding 
nodal membranes are in, and remain in, corresponding states can we argue at 
all from one to the other. If they are, we can argue exactly. Only if all the 
rest of the nerve is in, and remains in, corresponding states will this nodal 


condition be fulfilled. The problem thus reduces itself to this—what are the 
necessary conditions that two nerves in corresponding states should remain in 


corresponding states. | 
Deductions. 


There are four regions where the current flow must be considered: (a) the 


: _ externa@fluid; (b) through the nodes; (c) along the axis cylinder; (d) across the 


myelin, 
(a) The potentials of all corresponding points are the same and may result 


_. from externally applied stimuli. The current need not concern us. 


(b) Since the nodes are in corresponding states, two corresponding nodes 


: have the same membrane potential, and hence the same membrane current 
_ density; thus the total nodal current is proportional to the area of nodal 


membrane: nodal current oca. (1) 
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(c) The potential of corresponding axial points is the same, but the distance 
between them varies as |, the internodal length. The axial current will thus 
ber as the conductivity of a cylinder of length / and diameter d: 


axial current ocd*/I. (2) 


Since (2) gives the scale of axial current at any point on a nerve, it will also 
give the scale of the change in axial current between one point and another. 
In particular, if we take two points one close on either side of a node, the 
difference in the axial currents here must be equal to the nodal current. pare 
we must equate expressions (1) and (2) obtaining | 


_ We have seen that the change of axial current between corresponding points is 
given by (2), and that corresponding points are separated by a factor |, thus 


change in axial current per mm. od*//?. (4) 
(d) The current flow across the myelin is due to leak and capacity. The 


potential difference across the myelin is the same at corresponding points, and 
hence the leak current per mm. is proportional to the conductivity per mm. 
1 /loge (D / d), 
sieliis to the well-known formula for radial leak through a cylinder. But 
if the condition is to be realized that the nerves continue to remain in corre- 
sponding states, then the rate of change of myelin p.d. must be the same for 
corresponding points and hence the capacity current per mm. will be pro- 
portional to the capacity per mm. which also is proportional to 
| 1/loge (D/d). 
Hence the total current flow per mm. across the myelin varies according to this 
expression. But this flow-is equal to the change in axial current per mm. which 
is given in (4). | 
Hence 
(Did). (6), 


The sufficiency argument 

Starting with nerves in corresponding states we have seen that relations (3) 
and (5) are necessary if the nerves are to remain in corresponding states. It 
is easy now to see that if (3) and (5) do obtain (with the other assumptions) the 
nerves must remain in corresponding states. 

For (3) secures that the current passing through the nodes is equal to the 
change in axial current there, and (5) establishes that the change in axial 
current per mm. (which is the sum of the leak current and the capacity current 
per mm.) is proportional to 1/log. (D/d). But the leak current itself is pro- 
portional to 1/loge (D/d), since this is the myelin conductivity per mm., the 
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subsequent instants. 


consider whether (3) and (5) are in fact true. Equation (5) may be rewritten 


recently by Arnell (1936), Schmitt & Bear (1937), Gasser & Grundfest (1939), 


: where k is some constant, l/D will be maximal when 
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sheath p.d. being the same for corresponding points. It follows that the 
capacity current per mm. must also be proportional to 1/loge (D/d). 

But since capacity current per mm. is the product of 1/loge (D/d) and the 
rate of change of myelin potential per sec., it follows that not only the potential 
but also its rate of change must be the same at corresponding points, and hence 
that the nerves will continue to remain in corresponding states, at the next and 


COMPARISON WITH OBSERVATION 

We have started with the assumption simply that all the nerves to be compared 

are made of the same specific materials upon the same uniform pattern, and we 
have reached the conclusion that if (and only if) the dimensions are related by 

equations (3) and (5), the electrical behaviour will be predictable. < 

In this case the activity of any nerve may be exactly predicted from obser- 

vations on another nerve simply by suitable scaling. It is thus important to 


This expression then relates the internodal length / with the fibre diameter D 
and the axon diameter d, all of which have been carefully measured and com- 
pared by several independent workers. 

Consider first the ratio (axon diameter)/(fibre diameter). This ratio g is d/D 
and the right-hand side of (6) is entirely determined by it. The ratio has been 
studied by Donaldson & Hoke (1905) who considered it constant, and more 


Taylor (1942) and Sanders (1948) who found it to increase systematically with 
fibre size. The results of Taylor (cat) by the birefringence method fit rather 
closely those of Sanders (rabbit) by direct histological measurement. Both 
methods are hard to apply to the smallest fibres. 

In Sanders’s fig. 3 more than two-thirds of the fibres had g between the 
limits 0-47 and 0-74, and all Gasser & Grundfest’s fibres lay within this range. 
_ Now if from equation (6) we compute how much variation there is in the 
tatio 1/D, when d/D varies within the range mentioned, it turns out to be only 
achange of 5%. The ratio is highest when g is 0-6 and falls away on either side. 
This nearly stationary value of l/D is interesting. It follows at once from the 
ordinary procedure for finding a maximum. 


if | (| =9(—log, 9) 
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i.e. when | \(—loge 9) + 
Obviously this is satisfied when : 

2 logeg= —1, 
or g=0-6. 


_ It is therefore because the ratio d/D is centred around the eaiisinaiilintag value 
0-6 that 1/D is nearly independent of what the ratio is. 

It can hardly be a coincidence that the ratios are centred around this value. 
If the materials of which a nerve is made are fixed, and if the external diameter 
is fixed, there is an optimal value for the thickness of the myelin in order that 
as much current as possible should spread from one node to the next. For if the 
sheath is too thin a large fraction of the current will leak through before arriving 
at the next node, and if it is too thick there will be hardly any space left for 
axoplasm and hence high core resistance will reduce the current flow. _ 

The problem is in fact to make A, the space constant, maximal. 


Now = conductivity of the core x mm. 
admittance of the sheath/mm. ° 


_ Since we have seen that both the capacity current and the leak current of the 
are proportional to | 
(D/a), 


the advoittanse of the sheath will be proportional to this expression independent 
of the wave form of the pulse admitted, therefore 


= 2d? loge (D/d), 


where 4? is a constant which depends upon the specific conductivity of the 
myelin and axoplasm but not upon dimensions. Since the external diameter 
is assumed fixed, we may divide the above expression by D® and obtain 


= {loge (1) 


It will be observed that since the specific conductivities of the nerve materials 
enter this expression only under the constant A, they can alter the height of the 
maximum but not the value of d/D where the maximum occurs. The optimum 
value of d/D is thus independent of the specific materials out of which the nerve 
is made. 

Now the right sides of equations (6) and (7) are identical, and it thus can 
hardly be doubted that nerve fibres have developed their ratio d/D around 0-6, 
_ because this is the ratio which will cause the action current at one node to 
stimulate the next most strongly. According to equation (6) the ratio 1/D 
should be constant within 5% over the greater part of the medullated fibre 
range. | 


a 
“a 
7 
# 
7 
oa 
“4 
a 
#2 
ay 


be caloulated from equation (6) which may be rewritten 
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Now the relation between internodal length and fibre diameter has been 


studied by many workers: Key & Retzius (1876), Boycott (1904), Takahashi 
(1908), Kubo & Yuge (1938), Hursh (1939a, 6), Tasaki, Ishii & Ito (1943), 
Vizoso & Young (1948), Thomas & Young (1949). All these workers agree that 
lis nearly proportional to D over the entire range of fibre sizes and in a variety 
of species. There is rather a large scatter as between one fibre and another in 
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Internodal distance 
Fig. 2, Hursh’s observations relating fibre diameter to internodal distance. Theoretical curve 
obtained by putting Sanders’s observations of g into equation (6-1). Horizontal scaling arbitrary. 


_ the same animal and even between one region and another on the same fibre, 


and the relation does not hold at all as between say a frog’s nerve and a rabbit's. 
But within the rather wide limits imposed by scatter, there seems no doubt 
that 1/D is fairly constant. 
Fig. 2 is a reproduction of Hursh’s observations (cat) relating D and J. The 
points fit fairly well a straight line through the origin. They fit perhaps slightly 
better the curve drawn. This curve is derived from Sanders’s Fig. 3 which gives 
9 (=d/D) for various values of D. Thus the value of | for each value of D may 


Voc Dg 9). (61) 
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The curve therefore gives the relation between | and D which should exist if — 
the theory of ‘corresponding points’ is to apply to actual nerves. 

The observations of Vizoso & Young* (rabbit) indicate that small fibres have 
| greater than required by the theory; Thomas & Young (fishes) find small 
fibres with / less than the theory requires. 

On the whole, the evidence is that in the frog (e.g. Tasaki e¢ al. 1943) WD is 
constant. In the mammal small fibres have / slightly greater than required by 
equation (6). But according to most observations the equation holds pretty 
well down to D=4p. 

With regard then to the two relations which would have to be fulfilled if the 
argument about ‘corresponding points’ could be applied, (5) appears to be 
fairly well substantiated by plain histological measurement. Equation (3), on 
the other hand, can neither be proved nor refuted by this kind of observation 
since the value of a, the area of excitable membrane at the node, has not been 
adequately measured. 

We shall therefore assume this relation to be true, since without it we cannot 
make any deductions, but with it we may predict other verifiable relations. 


| GENERAL NERVE PROPERTIES IN RELATION TO FIBRE SIZE 
From the foregoing assumptions the following simple relations emerge: 
A. Space relations are all increased in ie Sada to I, the internodal length. 
B. Time relations are unchanged. 
C. Voltage relations at corresponding points are unchanged. 
A (i) Conduction Velocity 


The space is increased J-fold and the time is scaled hence the velocity 
should be proportional to the internodal length and hence nearly to fibre 
diameter. This is a matter upon which there has been disagreement among 
investigators. The most direct measurements in the mammal arg those of 
Hursh (19394, 6), who assumed (what is universally admitted) that the largest 
fibres conduct fastest, and measured in various nerves of the cat the fastest 
velocity and the largest fibre. His results are shown in Fig. 3, where velocity 
is plotted against D. Now if velocity is proportional to l, it is clear that velocity 
plotted against D (Fig. 3) should be the same curve as | plotted against D 
(Fig. 2) with suitable scaling. The theoretical curve of Fig. 2, obtained by 
introducing Sanders’s measurements of g into equation (6) fits the points 
adequately. It is redrawn in Fig. 3, and is seen to fit these results also. Thus 
in the cat there is good proportionality between velocity and internodal length. 
Even more direct measurements were made by Tasaki ef al. (1943) in single 
dissected fibres of the frog. They obtained the same relationship, which in frogs 
is a straight line through the origin. 


* The fact that the curves are plotted with the l-axis passing through D =1 instead of through 
Se ee ee as it has the authors (p. 115 bottom). 
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and of Zotterman (1937). 


_ The results of Zotterman, however, though interpreted by him as supporting Blair & Erlanger, 


side of the direct measurements of Hursh and of Tasaki e¢ al. and, according to 


_ of the present theory in which the proportionality lies with the internodal 
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The other view is based upon the observation that spike-height varies in 
direct proportion to conduction velocity. If spike-height is also proportional 
to the area of the axis cylinder, as appeared plausible, then velocity should vary 
as the square of the fibre diameter. This was the view of Blair & Erlanger (1933) 


0 2 4 6 8 ‘6 2 4. 6 18 20 
Diameter 

Fig. 3. Hursh’s observations relating conduction velocity to fibre diameter. 

Theoretical curve as in Fig. 2. 7 


actually do not show direct proportionality between spike height and conduction rate. The fact 
that a parabola fits these results excellently, on the other hand, cannot receive the obvious inter- 
pretation that velocity varies with diameter and spike height with area. For the velocity was 
calculated by measuring the time interval between the peaks of a diphasic and a monophasic 
recording with 20 mm. conduction distance. This must introduce a systematic error in a direction 
which could explain the divergence from the spike-height/velocity proportionality found by other 
workers. 


The balance of evidence at the present time is probably rather strongly on the 


these, conduction velocity is nearly proportional to fibre diameter, as required 
by the theory of this paper. One minor modification suggested by Gasser & 
Grundfest (1939) is that the proportionality should be between the velocity and 
the axon diameter, not the external fibre diameter. This is not the conclusion 


length—all fibres conducting from one node to the next in the same time. As 
we have seen, the internodal length should be, and in fact is found to be, more 
nearly proportional to the external diameter than to the internal. 

Their argument on p. 406 that the thinner the sheath the fatter the axons 
and hence the faster the conduction has a weakness which we have already 
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considered: For a given internodal length and external diameter the velocity 
will be greatest when the action current from one node spreads in greatest 
concentration to the next node. If the ratio d/D is either greater or less than 0-6 
the conduction will be slower. But the variation is nearly stationary, and thus 
the external diameter is all that needs to be specified. Gasser & ‘Grandfest’s 
action potential reconstructions will be considered later. 

It may be mentioned that with non-medullated nerve, the electrical theory 
predicts that velocity should be proportional to the square root of the fibre 
diameter. This has been found experimentally in the squid (Pumphrey & © 
Young, 1938). 

There is no conflict here either in theory or experiment. The mechanism of 
conduction and the relation to fibre size is different in medullated and non- 
medullated fibres, and experiment confirms the theoretical expectations in both 
cases. The brief proof which follows was shown to me by Mr Hodgkin in 1945. 
- Though he has referred to it (Hodgkin, 1947) he has never published it. The same 
result has been derived by Rosenblueth, Wiener, Pitts & Garcia Ramos (1948). 

If conduction velocity 6 is constant, the membrane potential V will have some 
form F (x—6t), where a is distance along the nerve. Thus the membrane current 
per mm. (outwards) will be 

RO 
_ where R is the resistance per mm. of axon. Now if D is the diameter of the fibre 
and r the specific resistance of axoplasm: | 


‘Membrane current density 
xD ’ 


@ OF 
The second member of the equation describes the specific activity of the mem- 
brane during propagation which is the same from nerve to nerve. So @/D is 
constant. 

That velocity is proportional to ./D, however, is not the conclusion of 
Gasser (1950) in his experimental study of mammalian C fibres. 


A (ii) Spatial aspects of excitability 

In the past it has not been fully appreciated that the epineurium is a sub- 
stantial barrier to current flow so the potential distribution actually applied 
to the nerve fibre within may be quite different from that applied to the 
unstripped nerve trunk. When the nerve is stripped, however, it appears that 
current distribution satisfies the expectations from the simple cable theory 
(Rashbass & Rushton, 1949). : 
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It follows that with different fibres, all spatial effects of current distribution 
will be the same when scaled in units of A, the space constant of the fibre. 
But from the theory of this paper all spatial effects should be the same when 
scaled in units of J, the internodal length. The two theories will be congruent if, 


- and only if, A is proportional to /. 


Now we have already seen that / is proportional to conduction velocity so we 
simply require to know whether A is also proportional to conduction velocity. 


This has recently been studied in the A fibres of the frog by Lussier & Rushton 


(1951). Though the range of conduction velocities observed was only about 
2: 1 the measurements both of velocity and A were fairly accurate and a rather 
exact proportionality found. It therefore appears that the spatial aspects of 
excitability satisfy the expectations of this paper to the extent that they have 
been measured. — 


A (iii) The wave-length of the propagated impulse 


This should be proportional to internodal length, which follows at once feces 
the velocity relationship we have considered and from the constancy of the | 


- duration of the action potential which we consider next. 


B (i) Tome relations are the same in all fibres 

The duration of the action potential of fibres of the A group are shown in 
figs. 1 and 2 of Gasser & Grundfest (1939). Avoiding the effects of velocity 
dispersion by extrapolating back to the stimulus site they find that « and 
waves have about the same duration. Fig. 3 of their paper shows single axon 
spikes travelling at velocities ranging between 10 and 54 m./sec. and all having 
about the same spike duration. 

The fact that B fibres have a different spike duration and, still more, quite 
different after-potentials (Grundfest, 1939) must be taken to mean that the 
fibres differ in qualities other than size. This view was taken by Bishop & 
Heinbecker (1930), and in a more modern setting is given by Gasser (1946). 
It is the basis of separating the fibres into A and B groups. The relations of the 


| present paper apply only to fibres within one group. 
B (ii) Chronawie and summation time 


Blair & Erlanger (1933) have studied the properties of single axons in the 
plantaris preparation of the frog. Their results show that as conduction velocity — 
decreases from 25 to 3 m./sec. the chronaxie and summation times both decrease 


_ by about 30%. Fibres slower than this have the times increased suddenly by 


more than tenfold. It would seem possible that we have here the transition 
between A and B fibres, which Bishop & Heinbecker (1930) placed at 4 m./sec. 
from investigations upon visceral nerves. Blair & Erlanger consider this 
suggestion, but tentatively reject it. 
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_ They suggest that the small change in chronaxie between fibres conducting 
at 20 and 3 m./sec. might be due to various aspects of the local circuit which is 
not scaled proportionally for various fibres. The present treatment gives us a 
precise idea of how to make the situation homologous for various sized fibres, 
and in recent experiments (1951) Lussier and I investigated the matter, using 
nerves stripped of epineurium, embedded in agar-Ringer (approximating to 
zero external resistance) and using half maximal « or 8 waves as index. We 
confirmed Blair & Erlanger’s observation, and consider that it cannot be due 
simply to inappropriate scaling of the applied stimulus. 


B (iii) Refractory pertod | 

It was largely upon the constancy of the refractory period in fibres A to B, 
and the sudden jump in the B, group of the same size and conduction rate that 
Bishop & Heinbecker’s (1930) classification rested. The measurements upon 
single axons (Blair & Erlanger, 1933), however, show that the duration of the 
refractory period in the frog varies in a systematic manner, being undoubtedly 
shorter with large than with small fibres in the A group. The same relation has 
been found in mammalian nerves by Hursh (19396) and by Gasser & Grundfest 
(1939). 

It is much harder to get consistent results in measurements of recovery than 
in determinations of the resting threshold. The absolute refractory period 
requires intense shocks and involves propagation at the extreme limit of the 
safety factor. Late recovery, on the other hand, is complicated by subnorma] 
or other phases which makes accurate comparison difficult. A more satisfactory 
measure would seem to be the interval from the first shock to the moment 
when a stimulus of twice threshold strength can first excite. If this is applied 
to the results shown in Fig. 12 of Blair & Erlanger’s paper, it is found that there 
is still a systematic increase in the refractory time with slower fibres, but it is 
not very great. The velocities of the fibres cover the range 27-1 to 6- t m./sec. 
and the refractory times vary between 2-1 and 2°8 msec. 

Dr Tasaki has informed me that the increase in refractory period of the smaller 
fibres goes hand in hand with a difference in the shape of the monophasic 
aftion potential (frog). For although the duration of the rising phase is the 
same for all fibres, the falling phase is longer in those whose refractory period 
is prolonged. It thus appears that the rising time’of the action potential, and 
with it the time of conduction from one node to the next, isthesame over the whole 
range of medullated fibres. This signifies that energy is released by a mechanism 
which is specifically identical for all fibres. The falling time, on the other hand, 
and with it the refractory period, is longer in small nerves than in large. There 


appears therefore to be a specific distinction in the socoweny — between 
large fibres and small. 
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(i) Eacitability 


If the electrodes are placed similarly with respect to the nodes, two fibres of 
different sizes should have thresholds at the same voltage. For instance, single 
fibres excited between one node and the next by Tasaki’s ridge insulator method 
should require the same voltage independent of fibre size. This has been observed 
(Tasaki e¢ al. 1943). 

If fibres of various sizes are stimulated in one nerve through electrodes 
widely separated, then the stimulus must be increased inversely as the inter- 
nodal length in order that the voltage drop per node may be the same for each 
fibre. The threshold measured in this way should therefore be inversely as the 
fibre size, This was found with reasonable exactness by Blair & Erlanger (1933), 
and more recently by Tasaki et al. on the frog. If the inter-electrode distance 
is less than the smallest internodal length concerned and the field uniformly 


_ applied, all fibres of whatever size which did not have a node between the 


electrodes should exhibit the same threshold. Those with a node between should 
have a higher threshold. 
Lussier and I (unpublished) have found with stripped nerve and fairly 


uniform stimulating fields that the threshold for « fibres is about the same as 
_ for 8B when the electrodes are 1 mm. apart, but lower inversely as the conduction 


velocity when 10 mm. apart. With a method which permits the stimulation of 
a single fibre in the nerve trunk it was found that there is considerable variation 
between the excitability of one node and the next along the same fibre, and that 


the threshold rises by about 40°% when the cathode is in the mid-internodal 


region as compared with the value at the node itself. 
The relation between threshold and fibre size for various arrangements of | 
electrodes is thus more or less as predicted by the present theory, but it is not 


_ very easy to secure similar placing of electrodes in relation to nodes, and there 


is a considerable variation in the ‘specific excitability’ from node to node which 
the theory excludes in its assumption of homogeneity of the fibre. 


C (ii) Action potential 

Axial currents, as we have seen (equation 2), are proportional to d?/l. Such 
a current returns through the external fluid and can be measured by a pair of 
electrodes placed close together on the surface of the nerve. 

When action potentials are measured in this way, therefore, the height would 
be expected to vary as d?/I and to be more or less proportional to fibre diameter. 
_ Fig. 4 shows an instantaneous configuration of the action current in two 
fibres. Horizontally is plotted distance in mm. along the nerve, and vertically 
the axial current at each point. This is the current which, returning through the 
external fluid, gives rise to the action potential. This potential will be greatest 
when one electrode lies at the point O and the other far to the left. For a given 
external resistance, the recorded potential in this case will be ee to 
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the area of the curve above the axis. The monophasic spike height will thus be 
proportional to this area if the electrodes are far enough apart. Now we have seen 
that the vertical scaling is proportional to d?/l, and in section A (iii) we found 
that the horizontal scaling was proportional to J, so the area is proportional 
to the product of the scales which is d*. We thus obtain the result that the 
monophasic spike height is proportional to d?, that is to the axon area. 

This is a very awkward conclusion. beeause the evidence is strong that spike 
height is proportional to velocity, which we have seen is nearly proportional 
to D. The variation in the ratio d/D aggravates the discrepancy, and so does 
consideration of possible current deformation by the epineurium through 
which action potentials are usually recorded. 


Fig. 4. Diagrammatic representation of the space configuration of the action current at one 
instant during propagation. Ordinates show the size of current flowing along the axis cylinder 
at each point (abscissae). B is a smaller fibre than A, so both spike height and wave-length 
are smaller. 


Blair & Erlanger (1933) obtained a good proportionality between spike 
height and velocity in the frog, and Gasser & Grundfest (1939) did so in the 
mammal where their reconstructed action potentials are excellent. 

_ These investigations do not state the conditions of the recording electrodes, 
and if in fact the wave were only propagated a mm. or two past the proximal 
lead, all these results would be consistent with the expectations of this paper. 

But this is so unlikely a contingency, that it is more satisfactory simply to 
leave the question as an outstanding discrepancy between the present theory 
of fibre size and observation. 

DISCUSSION 

Every worker who has attempted to correlate fibre diameter with other 
measurements of structure and function has found that, despite a certain 
irregular variation, there are quite definite relations. That some theory could 
be hit upon to explain the regular features, at least as accurately as they are 
explained in this paper, would not be surprising if the theory were devised 
precisely to this end. What is remarkable in the present case is that the explicit 
requirement of the theory was not that it should correspond to observation 
but that it should satisfy an abstract problem, ‘Given that nerves are made of 
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necessary and sufficient conditions that the behaviour of one nerve can be 


nerve structure and function, that one is tempted to speculate as to how the 


constructed optimally. 


which are involved cannot be theoretically assessed. There is, however, one 
_ aspect of the optimum which conforms with the theory of this paper. 


- In @ way similar to the first nerve at corresponding points if it is made of the 
- same specific materials and is dimensionally sealed according to equations (3) 


_. abstract conditions of this paper because these are the optimal conditions for 


diameter fits the curve of Fig. 3 throughout its length. An interesting point 


_ the dotted straight line is a replot on a larger scale of the dotted part of the 
measurements of g fits well the observations of Hursh relating velocity and D. 


__ be expected if the same relation held for the smallest sizes of nerve fibres. 
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the same materials and upon the same kind of uniform pattern, what are the 


deduced from the known behaviour of another?’ 
It is so surprising that the solution of this problem actually corresponds with 


abstract problem which determines the one can relate to the evolutionary 
processes upon which the other must depend. 

About evolution I shall say nothing more than that survival value attaches 
to optimum conditions so that we may postulate a tendency for nerves to be 


The idea of an optimum is not simple, and the nature of the compromises 


Suppose we have two fibres of the same internodal length |,, and the first 
of them is optimal in its electrical behaviour according to some set of criteria. 
Then the second fibre must be made of the same specific materials and of the 
same dimensions and in fact be identical with the first if it is not to be inferior 
to it (excluding the remote case that two different systems could be equally 
good). Now if we consider a third nerve with internodal length l,, it will behave 


and (5). Otherwise, it will be similar to a nerve of internodal length |, which is 
inferior to the optimal fibre. It follows that nerves tend to conform to the 


electrical behaviour consistent with the fibre size concerned. 

The sort. of optimum here involved is that the fibre should ccanlanle as fast 
as possible or have as high a safety factor as possible consistent with its size. 
From this point of view the entire range of medullated fibres in a given animal 
constitutes one group, for the relation between conduction velocity and ‘fibre 


arises, however, with regard to non-medullated fibres. 

The electrical theory (p. 110), supported by the observations of Pumphrey & 
Young (1938), leads to the conclusion that in non-medullated nerves conduction 
velocity is proportional to ,/D. This means that a very small fibre must conduct 
faster if it is non-myelinated than if it is myelinated, though the reverse will 
be the case for large fibres. Now it is possible to make some estimate as to the 
value of D when myelination first pays. The situation is shown in Fig. 5 where 


line in Fig. 3. As we have seen, this theoretical line derived from Sanders’s 


In Fig. 5 the line is extrapolated downward to give an idea of the velocity to 
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Now according to the measurements of Gasser (1950) (who does not accept 
the /D relation), the fastest C fibres conduct at 2-3 m./sec. and the largest C 
fibres have D=1-1j., hence the parabola which relates velocity and D must 
be the one which passes through the point (1-1, 2-3). It is drawn in Fig. 5. 
It at once appears that the parabola cuts the line at just about the diameter of 
the largest C fibre. As may be seen from the figure, all fibres smaller than this 
conduct faster if they are on the parabola, i.e. are unmyelinated. All fibres 
larger than this conduct faster if they are on the dotted line, i.e. are medullated. 
Now Duncan (1934) has shown that 1 yu. or a little larger is the critical diameter 
above which all fibres are myelinated. Electrical considerations show that 1 1. 
is the critical diameter where myelination increases conduction velocity. 

8 


Velocity (m./sec.) 
> a 


j 
oe 1 2 3 4 
Fibre diameter 
ane 5. Replot of part of Fig. 3 on a larger scale. Dotted line is the extrapolation of the relation 
between velocity and fibre diameter for medullated nerves. The parabola is the theoretical 
relation for non-medullated nerves passing through the point corresponding to the fastest 
C fibre (Gasser, 1950). No arbitrariness in scaling. 


‘The fact that the entire range of medullated fibres constitutes a steal group 
in respect of conduction velocity in no way invalidates the division into sub- 
groups depending upon other functions. For example, a nerve with a pro- 
nounced supernormal recovery phase will be liable to discharge at the fixed 
frequency corresponding to the supernormal period whenever a constant 
stimulus attains threshold. This type of nerve would be suitable for sounding 
an alarm but unsuitable for signalling slow variations in the intensity of 
stimulus. It would be legitimate and might be convenient to make a division 
of nerves depending upon this property, especially since after-potentials and 
perhaps other phenomena would also be distinct. 

In this way the division of nerves into A and B groups upon considerations of 
the recovery process may be made without disturbing the Pitesesieg of the 
relation between conduction velocity and fibre size. 
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__ So far we have considered structure only in relation to electrical properties. 


Clearly the optimum might involve the mechanical robustness of the fibre, 
its stability against surface tension (Young, 1944), the mechanics of plasmic 
flow (Weiss, 1943; Weiss & Hiscoe, 1948) and the relation of structure to 
metabolic changes. It is possible that certain aspects of these problems 
might present themselves as formally equivalent to the electrical problems 
already considered. If so these aspects will be solved by the ‘dimensional 
similarity’ which satisfies the electrical problem and which is, in fact, found to 
occur. But it is likely that for the most part quite different kinds of relation 
will arise in these mechanical and metabolic problems. We can only conclude 
that not these but the electrical considerations have determined evolution. 
Presumably there is a sufficient safety factor of robustness, metabolism, etc., for 


ordinary use, and the perfection of electrical working becomes the limiting factor. 


It is interesting to compare this point of view with that of Young (1945; 


_ Vizoso & Young, 1948), where the growth and structure of medullated nerve 


are worked out without considering the electrical implications. The two 
approaches are complementary. Young finds that myelination appears when 
the axon diameter reaches 1-2. and the myelin tube breaks (perhaps under 
the influence of surface tension) into segments about 0-2 mm. long. The number 
of these segments remains fixed, so that their length increases with the growth 
of the part of the body. If it be further supposed that all the fibres begin as 
-non-medullated nerves and that they keep their diameters in fixed proportion 
to the length of the part of the body and hence to each other, then it will 
follow that the smallest which never attain 1. will remain non-medullated, 
but that the others will have an internodal length proportional to diameter. 
This describes the mechanics of myelination and accounts for the observed 
structural relations, but it does not explain why 1-2. is the critical myelination 
diameter nor why diameter grows in fixed proportion to size of neighbouring 
bones. Electrical theory shows that both these characteristics have survival value, 
for below 1. conduction is faster without myelination, and a nearly constant 
D/l ratio is needed for optimum conduction when myelination has occurred. 
In regeneration after nerve damage there is a tendency for fibre diameters to 
return to their original values, but the regenerated internodal lengths are all 


_ about the same and only about half the length in the largest fibres originally. 


Young rejects the idea that the nodes are of primary importance in nerve 
organization, because Sanders & Whitteridge (1946) found fully regenerated — 
nerves to conduct at normal velocity when their diameter and myelin thickness 
had returned to normal, though the internodal length was halved. 

The treatment of this paper has no exact contribution to make to this 


- observation, since the regenerated fibres were not at all dimensionally similar 


to the controls. But it is obvious that if alternate nodes in the regenerated 


fibre were able simply to generate enough current to neutralize the flow which 
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otherwise would leak through them, then the conduction would be electrically 
exactly as in the normal fibre (though there would be energy degradation, Nat 
entry, etc., at the odd nodes). Now the node in fact could not do exactly this. 
It would be too late in starting its reaction and too vigorous in completing it. 
The effect of this upon the next node, however, might very well be to bring 
it into activity at just about the same instant as would occur in the normal 
fibre without the intermediate node. The result of regeneration then would not 
be expected to show so much in conduction velocity as in energy loss, which 
should be about doubled. 

Huxley & Stampfli (1949) have reached the same conclusion from @ more 
analytical approach. They have worked out that for a given size there will be 
an optimum internodal length for maximum conduction velocity. Lengths 
somewhat greater or smaller than this will give nearly the same velocity. But 
the energy losses in propagation will be proportional to the number of nodes in 
the stretch of nerve. Hence it will be most economical if the normal nerve has 
an internode somewhat greater than the optimum, for this will appreciably 
reduce the energy necessary for conduction without much change in speed. 
It follows that the reduction of the internode to a length somewhat below the 
optimum (as occurs after regeneration) will not change velocity but will 
increase the energy of propagation—the conclusion reached above. So, 
although the relation ‘velocity varies as 1’ holds exactly so long as fibre structure 
conforms to the pattern of this paper, it is far from the truth when the pattern 
is grossly modified as in regeneration. The relation ‘velocity varies as D’ on the 
other hand, seems a pretty good approximation over a wide range of structure 
patterns. The experiment of Sanders & Whitteridge thus goes very little way 
towards degrading the significance of the internodal length to a mere incident 
in the machinery of myelination. But it does raise a further question of interest. 
Since the regeneration experiment shows that conduction velocity can be 
much increased simply by increasing fibre diameter irrespective of internodal 
length, we are left with the question why normally developing nerves do not 
also increase their diameters out of proportion in the interest of speed. 

It is part of the larger question as to why some nerves are large and some are 
small. Why are ‘they not all large and very fast conducting? Gasser (1934) has 
given one answer in the suggestion that the fast fibres condition the o.N.s. to 
receive the later-coming impulses. Another suggestion rests upon the basis of 
economy. If there is only a limited amount of material available to make 
nerves of, or (more likely) a limited amount of space into which they can safely 
be fitted, then the choice lies between one fibre conducting at 90 m./sec. (say) 
and nine at 30 m./sec. The presence or absence of activity in the various nine 
fibres will theoretically distinguish between over 500 different peripheral — 
arrangements. So for the sacrifice of some 2 or 3 msec. (in the — an 
enormous increase in detail may be supplied. 
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reactions by the 90 m./sec. type of fibre. 


: should supply monosynaptic reflexes and other responses involving rapid 


_ speed is in any case impossible owing to the central delay, so it would be more 
economical to increase the detail of the sensory picture by multiplying the 


’ by some predictor mechanism, so that tension adjustments are performed 
without overshoot. This might be done by the central integration of responses 


_ would be made of the same specific materials and have the dimensional 


_ explaining how the required structure is achieved. 
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Now ©.N.s. responses which involve choice reactions of any complexity 
demand a central reaction time of certainly some tens of milliseconds. It 


would therefore be gross mis-matching to supply the sensory input for su ch 
The consideration, then, simply of economy would suggest that large fibres 


reaction with little central analysis of the input. On the other hand, where the 
response depends upon a more exact appreciation of the sensory pattern, great 


number of fibres at the expense of a small increase in conduction time. What- 
ever the size of fibre, however, the optimum arrangement will be for myelin 
thickness and internodal length to conform to the pattern of dimensional 
similarity. 

Now this pattern is found not only in the nerves of adult animals, but in normal 
young ones at all stages, and in fact Hursh’s results, reproduced in Figs. 2 and 3, 
were obtained from both young and ‘adult nerves. So the generalization that a 
nerve impulse traverses one internode in a fixed time independent of fibre size 
applies to young animals too. And since the number of nodal segments in‘the 
total length of nerve remains fixed at all stages of growth, it follows that the 
duration of peripheral conduction time in the reflex arc will remain constant 
during growth. This might be an important factor in central reflex organization. 
For, as Merton (1951) has shown in human postural reflexes, the spinal cord 
is able to compensate for the conduction delay in the reflex arc presumably 


from proprioceptors, some with fast and some with slow adaptation. Whatever 
be the manner in which the spinal cord integrates the information to give a 
dead-beat motor response, it might well be an advantage that the time round | 
the servo-loop does not change with growth. For when once the central 
mechanism has developed, it will need no further modification due to increase 
in actual length of nerve — 


of discussion 
1. If nerves evolved to conduct as fast as possible for the size of fibre, they 


similarity of structure with which this paper deals. 
2. The fact that nerves are constructed approximately upon this pattern 
is an argument that the attainment of maximum velocity has been the con- 
trolling factor in the evolution of nerve structure. 
3. Young’s analysis of the mechanics of myelination goes some “ey towards 
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4, Medullated nerves conduct at speeds roughly proportional to D, non- 
medullated nerves proportional to ./D. It follows that the smallest nerves 
will conduct faster if un-myelinated, the largest if myelinated. The transition 
size where myelination first pays appears to be between 1 and 2. This is the 
size where fibres are, in fact, found first to acquire their sheath. 

5. The principle that peripheral conduction time should match central 
delay leads to monosynaptic pathways being formed by fibres of the largest 
size. Where central delay is always long, it is advantageous to enrich the infor- 
mation by multiplicity of small sensory fibres which will but slightly increase 
total reaction time. 

6. The growth of normal nerve is of such dimensions that the peripheral 
conduction delay in a reflex arc remains constant at all stages of growth. This 
permits of a fixed central mechanism suitable to compensate for the delay in 
the Seite at all ages. 

SUMMARY 

1. The following theoretical problem is and ‘Given that 
all medullated nerves are made of the same specific materials, and upon the 
same kind of uniform pattern, what are the necessary and sufficient conditions 
that the behaviour of one nerve can be deduced from the known behaviour 
of another?’ | 

2. The solution requires that the structure of all nerves should conform to a 
certain pattern expressed in equations (3) and (5), p. 104. To a rough approxi- 
mation this is that the gap at the node should have the same width in all 
fibres (equation 3), and the internodes should all be geceneteineaty similar in 
every dimension (equation 5). 

3. There are insufficient data upon the size of the nodal clefts to check 
equation (3), but equation (5) is pretty well satisfied by the observed pattern 
of fibre structure. In particular the ratio axon diameter/fibre diameter is 
found to lie close to 0-6 (=e~*) which is optimal for the spread of current from 
one node to the next. 

4, Accepting then that the structure pattern required for the solution of the 
abstract problem corresponds to that of actual nerves, we may predict the way 
in which all properties depend upon fibre size. The results are very simple: 

A. All space relations will be the same if scaled in units of the osm 

length. | 

B. Time relations are the same for all nerves. 

C. Voltage relations are the same after space scaling. : 

5. Experimental observations of the following quantities a are nabidibeeed 5 in 
relation to fibre size: : 

A. Conduction velocity, space constant and the wave length of the nerve im- 

pulse, all of which are proportional to fibre size D. Thisis contrasted with 
the case of non-medullated nerve, where velocity is proportional to ,/D. 
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B. Duration of action potential, chronaxie, summation time and refractory 
period which should be the same for all fibres. This is not quite true, 
but the variations amount to about 30% in a fivefold range of fibre 

C. Threshold measurements in various conditions. There is reasonable 

agreement with expectations, but the theory does not contemplate 
variations in specific irritability. 

6. The monophasic action potential height from fibres in a small nerve twig 
should by theory be proportional to D*. The observations show the relation to 
be proportional to D, the external fibre diameter. This is the only major 
discrepancy between theory and observation. 

7. In the Discussion, fibre size and structure are iecoiiaad | in relation to 


survival value. The conclusions precede this Summary. 
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Lowenstein, 0. & Roberts, T. D. M. ‘Elasmobranch vibration receptor | 
Vol. | 114, No. 4, p. 481, in the legend to Fig. 6, read: | 
‘Records of vibration responses from the ssooulus (records 1 and 2), the 

macula — (records 3a—4c inclusive), and...’. 
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METHAEMOGLOBIN FORMATION IN DILUTE SOLUTIONS 
OF LAKED ERYTHROCYTES AND ITS INHIBITION 
BY THE ‘STROMA FACTOR’ 


ERRATA 


Adrenal cortex and insulin’ Vol. 114, Nos, 1 & 2, p. 227, Table 2, 
in Exp. no. 6: 


instead of ‘Fasted’ read ‘Fed’. 


air at room temperature. 

toy ml: of enapecited colle to: 100 ml, distilled water. 
Some haemolysate was then further treated by one of the following procedures: 

(1) Filtration through 4-6 sheets of Whatman No. 1 paper. The possible effect of chemical 
changes occurring in the solutions as the result of reaction with the filter paper was controlled by 
running parallel experiments on filtered material and haemolysates in which the appropriate 
amount of filter paper had been soaked. These showed that the filter paper by contact did not 
produce any of the changes ascribed to filtration. 

(2) Destromatization by exposure to CO,: 50% CO, in O, was bubbled through the haemolysate 
for 5 min.; it was then centrifuged for 15 min. at 3200 to 3400 r.p.m. After this, air was bubbled 
through the supernatant which was then filtered as described under (1). | 

When these preparations had been completed, spectrophotometric examination (by Barfit- 
Hilger-Nutting instrument) of the haemolysate, including both untreated control and filtered or 
destromatized preparations, was begun. Measurements were made of (a) the total pigment 
concentration, and (b) the rate of spontaneous formation of Pee 

Total ent concentration (as Hb) was determined after conversion to cy 
(CHS as Ganlad edeeaty'ak 540 mp. for 1 cm. depth of solution was measured and the Hb 
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METHAEMOGLOBIN FORMATION IN DILUTE SOLUTIONS 
OF LAKED ERYTHROCYTES AND ITS INHIBITION 
BY THE ‘STROMA FACTOR’ 


By GEORGE FEGLER* 
From the Department of Physiology, Edinburgh University 
(Recewed 10 August 1950) 
The work described in this paper originated in an observation that methaemo- 


globin (MHb) could readily be detected in filtered haemolysates of horse 


erythrocytes after 15-20 min. at room temperature, though none could be 
found, in the same conditions, in unfiltered haemolysates. This phenomenon 
has since been investigated in more detail. 


METHODS 


Samples of blood obtained from human subjects, horses, dogs, goats, cats, rabbits and pigeons, were 
examined. Liquemin (Roche) was added to a final concentration of 1000 1.v. per 100 ml. to the 
blood which usually was stored overnight at 5-6° C. before use. Some samples were used within 
6 hr. of being drawn, but a few were kept for as long as 54 hr. For experiment the erythrocytes 
were separated from the plasma by centrifuging, washed four times with isotonic saline and then 
suspended, 40 vol. of cells per 100 ml., in a solution containing two parts m/5-phosphate buffer 
(pH =7-4) and one part saline. ee with O, or 
air at room temperature. 
Wile Toy ‘adding 3-4 ral. of svapended cells to 100 ml. distilled water. 
Some haemolysate was then further treated by one of the following procedures: 

(1) Filtration through 4-6 sheets of Whatman No. 1 paper. The possible effect of chemical 
changes occurring in the solutions as the result of reaction with the filter paper was controlled by 
running parallel experiments on filtered material and haemolysates in which the appropriate 
amount of filter paper had been soaked. These showed that the filter paper by contact did not 
produce any of the changes ascribed to filtration. 

(2) Destromatization by exposure to CO,: 50% CO, in O, was bubbled through the haemolysate 
for 5 min.; it was then centrifuged for 15 min. at 3200 to 3400 r.p.m. After this, air was bubbled 


_ through the supernatant which was then filtered as described under (1). 


When these preparations had been completed, spectrophotometric examination (by Barfit- 


_ Hilger-Nutting instrument) of the haemolysate, including both untreated control and filtered or 


destromatized preparations, was begun. Measurements were made of (a) the total pigment 
concentration, and (b) the rate of spontaneous formation of methaemoglobin. 

Total pigment concéntration (as Hb) was determined after conversion to cy 
(CNMHb). The optical density at 540 mp. for 1 cm. depth of solution was measured and the Hb 
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124 GEORGE FEGLER 
concentration caloulated in m.mol./l., using Drabkin’s (1944) constant, 11-5 being the specific 


absorption coefficient for a concentration of 1 mm. under the conditions given. Hb values for — 


different haemolysates varied between 0-12 and 0-30 mm. 

Formation of methaemoglobin was estimated by one of two methods, In the first, the optical 
density at 630 mp. of haemolysates in tubes of 4 or 10 cm. depth at 18-21° C. was measured at 
regular intervals for 2-3 hr. For the purposes of the calculation it was assumed that no pigments 
in MHb' would yield peoportional inartass in density. 

The second method, which eliminated interf for determina. 
tions of MHb formation in unfiltered haemolysates. It was based on the procedure described by 
Evelyn & Malloy (1938). In this case the difference in densities at 630 my. of two samples of the 
same haemolysate was measured before and 15 min. after treating one with KCN solution. Only 
one drop of 25% neutral KCN was required to convert all MHb present in 20 ml. haemolysate 
to CNMHb, and the pigment formed in this way is stable for 24 hr. A neutral glass filter (d = 1-39) 
was used with the untreated samples to increase accuracy of matching. - 

From the differences between treated and untreated samples, values for the MHb content of 
the haemolysate were obtained at appropriate intervals through the period of observation. These 
were expressed as a fraction of the total amount of pigment present as and convertible to MHb, 
in any given sample. Figures for this value were obtained by finding the difference in optical 
density of corresponding samples of haemolysate when one was treated with KCN and the other 
with K,Fe(CN), (1 drop 10% sol./20 ml.). 

A small correction for non-specific increase in transparency with KCN treatment of unfiltered 
haemolysates had to be applied. the change in 
optical density at 700 my. with addition of KCN. 

When MHb formation was estimated by the first. method, ddan denablae oh the end of the experi- 
ment were also treated in the manner just described, and the final concentration of MHb, as 
a fraction of the total amount convertible to MHb, was calculated in the same way. 

_ The pH of material under examination was measured by a Marconi meter (type TF. 5. 11. C 
with dip-type glass electrode system) and was not found to vary by more than 0-05 from initial, 
values of 7-35 to 7-55 over a. period of 4 hr. following lysis. 

The amount of post-haemolytic residue or stroma material present in haemolysates was enti 
mated either by measuring their turbidity or determining, by use of the haematocrit technique, 
the relative values of sediment obtained on centrifuging CO,-treated samples in capillary tubes 
for 15 min. at. 10,000 r.p.m. Turbidity was determined in two different ways. A crude estimate, 
the nephelometric index, was obtained by comparing the haemolysate with distilled water and 
determining the difference in the amount of light scattered by means of a photo-electric device. 
A more refined supplement to this method was to determine the ratio between the two optical 
densities found for a given solution at 576 mp. and.630 my, when it had been treated with KCN. 
The value so found, called the ‘turbidity ratio’, varied inversely with the degree of turbidity and 
could be used to express the relative turbidity of different solutions. 

The dialysates used in some of the experiments were prepared from 5-10 ml. packed rabbit or 
pigeon erythrocytes which had been haemolysed by mixing with an equal volume of distilled 
water. The haemolysate, which was placed in a cellophane bag, was dialysed against 30-60 ml. 
distilled water for 24 hr. at 5° C. or at room temperature. To test the effect of dialysate on the 


The great acceleration in the rate of spontaneous MHb formation in haemo- 
lysates of horse blood which occurs as the-result of filtration can be seen from 
inspection of Fig. 1. Similarly, Table 1 shows that the same effect of filtration 
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can be detected in the haemolysates of all the other species investigated. The 
effect is largest for the haemolysates of the horse, ox, goat and sheep, smaller 
for the laked cells of man, the dog and cat, and smallest for these of the pigeon 
rabbit. 
| 


MHb (% of total Hb) 


0 20 4 60 80 100 120 
Time in min, after lysis 


Fig. 1. MHb formation (second method) in horse r.b.c. haemolysates. Hb conc. =0-14 mm. 
1 =unfiltered; 2 =filtered through four sheets Whatman No. 1 filter paper. Lae 


TaB_e 1, The velocity constant, k, for the formation of MHD in filtered and unfiltered haemolysates 
of r.b.c, from different animal species. (k is calculated as for a reaction of the first order) _ 


"Unfiltered Filtered 
Species  No.ofexpe. 10°k,hr-' No. ofexps. 10%, hr 
‘Horse 5 26425 13 15-8423 
Goat — — 3 16-14.2-0 
Ox 3 1-441:3 2 12-5420 
Sheep 1 2-0 3 11-441-2 
Man 2 05401 4 7841-4 
Dog = 1 60 
Cat 1 0-27 3 6-0+1-0 
Rabbit 3 0-0 -0-1 4 4540-1 
Pigeon 1x12 2x12 3-7+0-1 


As control observations have shown, neither extraction of the filter paper 
nor pH changes can account for this result, and it is reasonable to conclude 
that the effect is due to the retention by the filter paper of some substance 


which i is inhibitory to the formation of methaemoglobin. For the present this 
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has been tentatively identified as some substance associated with the stroma 
material or post-haemolytic residue and is called for that reason the ‘stroma’ 
factor, to distinguish it from other factors which may have an analogous 
action. 

The suggestion that the stroma contains some such factor is made firstly on 
the grounds that filtration by the method used, although not destromatizing 
the preparations completely, does remove a large fraction of the residue. 
For example, the following figures were obtained by nephelometry for 
a haemolysate of horse erythrocytes. The nephelometric index for unfiltered 
haemolysate was 2:8, after filtration 1:6, and after CO, destromatization 0-52. 
In another sample of haemolysate, also made from horse blood, the turbidity 
ratios were 37-1, 51-3 and 51-8, in unfiltered, filtered and CO,-treated fractions 
respectively. If it is assumed that CO,-treatment (destromatization) com- 
pletely removed the post-haemolytic residue, then it can be calculated that 
filtration removes 32-47% of the residue. Similarly, measuring the volume 
of the sediment brought down by centrifuging indicates that filtration of 
haemolysates from either rabbit or horse blood removes sede of the 
post-haemolytic residue. 

It is unsatisfactory that a more effective method of removing the stroma 
material which is suitable for these experiments has not yet been found. 
CO,-treatment is not appropriate, because CO, has the effect of accelerating 
MHb formation itself. Attempts to filter extracts through sintered glass were 
altogether unsuccessful; and centrifuging was impracticable because the 
- solutions were heated and the residue could not be sufficiently separated out 
at the speeds available. 

Another factor, which, like the stroma factor, inhibits MHb formation, is 
found to be present in rabbit and pigeon erythrocytes. This is a highly soluble, 
dialysable substance and, when added to filtered haemolysates of horse blood, 
it retards MHb formation very considerably. Table 2 shows examples of this 
effect. with the addition of dialysates of rabbit or pigeon cells to filtered 
haemolysates prepared from horse, sheep and ox blood. From the last two 
experiments in the same table it is evident that the substance concerned in 
the inhibition is unstable in the presence of Q,. 

This, coupled with two further pieces of evidence, suggests that the effect of 
dialysates in retarding MHb formation is due at least in part to their content 
of reduced glutathione (GSH). The additional evidence is, first, that the 
inactivated dialysates (i.e. those which do not inhibit MHb formation) have 
a much lower content of GSH (determined by the method of Woodward & 
Fry (1932)) than have the active dialysates (see Table 2); second, the addition 
of GSH, in concentrations equal to, or slightly less than the concentrations in 
active dialysates, to filtered haemolysates can retard MHb formation in the 
same way as the dialysates do. For example, 5 mg./100 ml. of GSH when 
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added to destromatized horse red cells haemolysate has been found to decrease 
the rate of MHb formation from k x 10°=19 to kx 10° =3-9hr-, 


TaBLE 2. Showing the effect of dialysates derived from pigeon and rabbit r.b.c. on the rate 
of MHb formation in the filtered haemolysates from horse, ox and sheep r.b.c. 


Source of Rate of of MHb 


dialysate formation formation in 
No. Source of added to in filtered haemolysate GSH content 
of filtered filtered haemol + dialysate in dialysate 
exp haemolysate haemolysate 10°k, hr.-? 10*k, hr,-? mg./100 ml. 
1 Horse r.b.c. r.b.c. 11-2 6-1 
2 Horse r.b.c Rabbit r.b.c. 40 70 
3 Horse r.b.c. Rabbit r.b.c. 13-4 1-7 
4 Sheep r.b.c. Rabbit r.b.c. 11-7 62 
5 Ox r.b.c. Rabbit r.b.c. 123 0-7 
6 Ox r.b.c. Rabbit r.b.c. 9-6 2-8 8-6 
7 Ox r.b.c. Rabbit r.b.c. ; 63 2-8 
dialysate ex- 
to air 
r 24 hr. 
8 Ox r.b.c. Rabbit r.b.c. ; 9-9 11-9 0-3 
dialysate ex 
to air 
56 hr. 
DISCUSSION 


The slow spontaneous formation of MHb in shed blood or laked blood 
corpuscles has long been known. Some indication of the mechanism of 
activation of molecular oxygen in the oxidation of Hb has been given by 
Neill & Hastings (1925), who found also that formation of MHb is fastest at 
lowest O, pressures, Brooks (1931, 1935) confirmed these findings and showed 
that the reaction Hb-MHb was influenced by changes in both temperature 
and pH. The velocity constant given in his first paper for laked ox erythrocytes 
at pH 7-04 to 7-07 and exposed to air at a temperature of 25° C. is 0-34 x 10-%, 
which is of about the same order as values obtained in the present investigation 
for unfiltered haemolysates of the same species. It should be noted that in his 
second paper Brooks has suggested that the system might contain a substance 
which could have an inhibiting effect on the reaction independently of O,, 
which itself inhibits spontaneous MHb formation at high tensions. 

More recently, Lemberg, Legge & Lockwood (1941) and Foulkes & Lemberg 
(1949) have studied the inhibitory action of some factors associated with the 
stroma on the formation of choleglobin (coupled oxidation of Hb in the presence 
of ascorbic acid and molecular O,) in laked erythrocytes of the horse and duck. 
Duck erythrocytes contain no catalase and for the haemolysed cells of this 
species it could be shown that acceleration of choleglobin formation caused 
by acid destromatization was due, apart from the possible direct effects of 
acids on Hb, mainly to the removal of the ‘stroma’ factor. However, in the 
case of the horse haemolysates they could not separate the effect of the removal 
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of the stroma from the effects of _— and inactivation of catalase by 
ascorbic acid. 

The reaction studied in the present: investigation has not presented the 
same difficulties. The removal of some of the stroma is clearly associated with 
an acceleration in MHb formation and, as a first hypothesis, it is reasonable 
to assume that the change effected is due to the loss of an inhibitory substance. 


There is also another factor that can be detected in dialysates of laked cells, — 


which has a demonstrable inhibitory action. This is tentatively identified as 
reduced glutathione. Previously Holden (1925) suggested such a role for 
the reduced glutathione of the red cells. Further work, however, is required 
to make this identification certain or to show whether any relation exists 
between this factor and those contained in the post-haemolytic residue. 


SUMMARY 


1, The spontaneous formation of MHb was studied spectrophotometrically 
in r.b.c. haemolysates prepared from several animal species. 

2. Partial destromatization (by filtration) of the haemolysates resulted in 
more rapid spontaneous MHb formation, an effect which was greatest for the 


horse, goat, ox and sheep blood, less for human, cat and dog blood, and least 


for rabbit and pigeon blood. 

_ 3. Evidence is given that the post-haemolytic residue (‘stroma’) removed 
from haemolysates by filtration includes a factor, or factors, which normally 
retard the oxidation of Hb. 

4. Dialysates made from haemolysed rabbit and pigeon r.b.c., when added 
to filtered horse and ox r.b.c. haemolysates, also retarded spontaneous MHb 
formation. The factor concerned here is tentatively identified as reduced 
glutathione. 


The author is greatly indebted to Dr P. Baglin and Dr Catherine 0. Hebb for their interest 
in this work and for very valuable discussion. | | 
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THE PLASMA IN THE PACKED CELL COLUMN 
| OF THE HAEMATOCRIT 


| By D, LEESON anp E. B, REEVE* 
From the Clinical Research Unit, Guy’s Hospital, London 
| (Recewed 4 January 1951) | 


When the anticoagulant, applied force, time of spinning and form of haematocrit 
tube are standardized, the haematocrit method gives consistent estimates of 
the volume of packed cells in a sample of blood. A number of workers have 
determined the relationship between this volume and the volume estimated 
by an independent method, and it is agreed that the haematocrit packed cell 
column contains a small amount of plasma. For the independent method 
most workers have used one of two types of procedure, which may be termed 
the indirect and the direct. In the indirect procedure the volume of plasma 
in a sample of blood is determined. The difference between this volume and 
the volume of plasma determined by the haematocrit method is the volume 
of plasma trapped in the haematocrit packed cell column. In the direct 
procedure the packed cells of the haematocrit are separated from the super- 
natant plasma and analysed directly for their contained plasma. — 

Table 1 summarizes the results of comparisons made by a number of workers - 
between various forms of the haematocrit method and various forms of the 
indirect procedure (Section A) and direct procedure (Section B). It is seen 
that the majority of workers’ estimates of trapped plasma, expressed as 
@ percentage of the packed cell column, lie between 3 and 5%. However, 
Maizels (1945), using a haematocrit method which appears to have been 
- comparable with that used by the majority of workers, found that only about 
2:2% of the packed cell column was plasma, and Chapin & Ross (1942), using 
- @ greater centrifugal force for double the time, found that about 8-5 % of the 
packed cell column was plasma. 

McLain & Ruhe (1949), from their results on defibrinated ox blood listed in 
Table 2, have concluded that many of the independent methods are not 
sufficiently accurate to determine the proportion of plasma in the packed cell 
column. It is seen that their independent methods of the indirect type gave 


* Work undertaken on behalf of the Medical Research Council. 
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estimates of 4-17-9% packed cell plasma, and most of these estimates differed 
significantly from those obtained with direct independent methods. | 

Thus, at present, there is doubt about the amount of plasma in the haemato- 
crit packed cell column, and the results of McLain & Ruhe suggest that this 
is at least in part due to insufficient accuracy of the independent methods 
used. 
The determination of the true volume of the cells from haematocrit estimates 
is of importance for the accurate estimation of total red cell and blood volume — 
(Reeve, 1948) in which we have been interested. We have therefore developed 
a new independent method of estimating the cell volume of blood samples, 
which has advantages over any previously described, and with this we have 
determined the amounts of plasma trapped in the packed cell column of 
a particular form of the haematocrit method. 


TaBix 2. Results reported by McLain & Ruhe (1949) on defibrinated ox blood, using two equiva- 
lent haematocrit methods and different independent methods of the indirect and direct 


| 
Plasma, % of 
No.of packed cells 
exps. +8.D. Independent method 
A. Indirect form of independent method 

13 7044-7 T 1824 

13 43421 Plasma in before and ( Total N — non-protein N 

13 023} after dilution with iso-{Total N by macro-Kjeldahl 

18 9343-3 tonic saline, estimated by | Heat coagulable solids 
23 x 3 9-0-17-9 Six other methods based on plasma specific gravity determina- 
22x3)  8.p.7-1-10-8 tions before and after blood dilution with isotonic saline 

| B. Direct form of independent method 
15 2041-2 Heat coagulable solids Washed out with 2 vol. saline to 
10 3441-0 T 1824 1 vol. packed cells 
METHODS 
The haematocrit method 


The standard haematocrit method we chose was to spin 10 cm. columns of heparinized blood in 
3 mm. diameter haematocrit tubes at 3000 r.p.m. for 30 min. The distance from the bottom of the 
haematocrit tube to the centrifuge spindle, that is the radius of the centrifuge head, in all experi- 
ments was 15cm. All haematocrit tubes were calibrated. Readings were made by lens with the 
_ tubes held against an anti-parallax scale engraved on both sides of a 3 mm. thick piece of Perspex 


The bore of the haematocrit tube. Since a number of workers have used different bores of 
haematocrit tubes, we tested if, at constant time and force of spinning, the bore affected the 
packed cell volume. Four samples of human and one of rabbit blood were spun in triplicate in 
sealed haematocrit tubes of 1, 3 and 9mm. bore. The results are summarized in Table 3. The 
Packed cell volumes given by the 3 and 9 mm. bore tubes show good agreement, but average about 
1% more cells than those given by the 1 mm, bore tubes. 

Time of centrifugation. Some workers have spun their haematocrit tubes for as much as 60 min. 
: To test the effect of periods of spinning longer than 30 min., six samples of human and four of 

rabbit blood, all heparinized, were spun in triplicate in 3 mm. bore tubes for 30 min., and, after 
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reading, for a further period of 30 min. The results are shown in Table 4. A second 30 min. period 
1% of ite 30 min. value. 


TasBie 3. Percentage packed cell estimates in haematocrit tubes of 1 mm., $'mm. and 9 mm. 
bore spun simultaneously at 3000 r.p.m, for 30 min. 


All blood columns were 100 mm. long. 


Animal 1 mm. bore 3mm. bore. 9 mm. bore? 
Man 1 45-2 45:1 
45°3 45-20 45°7 45-60 45:3 46-20 
45-1 458 
2 415 42:3 419 
415 41-53 (420 42:13 42-4 42-15 
42-1 
3 43-1 43-3 43-4 
4380 42-97 43-6 43-43 43-3 43-40 
42-8 43-4 43°5 
4 42-9 43-1 43-1 
42-7 42-80 43-0 43-07 43-3 43-03 
42-8 4341 42-7 
Rabbit 34-0 34°6 
34-08 34:2 34-37 34:8 34-57 
34-1 34:4 34-3 
Means 41-31 41-72 41-67 


. The triplicate estimates made in the 9 mm. bore tubes show the greatest scatter. This was in 
_ part because the top surface of the packed cell column in these tubes was often irregular and there- 
fore the volume of the packed cells was less easy to determine than in the narrower bore tubes. 


_ Tasiz 4, The mean percentages of packed cells of human and rabbit blood samples spun in 
All blood columns were 100 mm. long : 
After 30 min. After 60 min. Differences 


Man 1 49-93 49-43 0-50 
2 44-57 44-07 0-50 
3 43-97 43-53 0-44 
4 43-80 43-27 0-53 
5 45-37 44-90 0-47 
6 43-40 42-93 0-47 
Mean 45-17 44-69 0-48 
Rabbit 1 37-82 37:37 0-45 
2 36-23 35-91 0-32 
3 38-29 37-91 0-38 
4 40-94 40-62 0-32 


The independent method of estimating the volume of the cells 

_ Serum proteins and bovine albumin were labelled with radioactive iodine. 
For the indirect method small quantities of these solutions were added to 
heparinized whole blood samples, and the volume of plasma was determined 
from the dilution of the radioactivity. For the direct method radioactive 
protein solution was added to whole blood samples; these were spun in specially 
designed haematocrit tubes; and the radioactivity of measured samples of 
packed cells was determined without plasma extraction. 
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. Preparation of radsioachive protein. Human and rabbit serum proteins and bovine albumin 
{Armour Laboratories) were labelled with I by the method of Banks, Francis, Mulligan: & 
.Wormall (1950, 1951). To a mixture of 0-1 ml. of a freshly prepared solution of KI (1-4 g./100 ml.), 


~ (06 ml. of 0-1 x-KIO, (0-3567 g. KIO,/100 ml.) and 0-05 ml. of 0-1 x-HOl, was added 0-2 ml. 


‘of a carrier-free solution of radioactive NaI (obtained from A.E.R.E., Harwell), containing 
‘50-150 po. of **I. This solution of radioactive iodine in KI was added to ‘ammoniated’ serum 
prepared by treating 3 ml. of human or rabbit serum, or of a 7 g./100 ml. solution of 

bovine albumin, with 0-6 ml. of a 1 in 5 dilution of 0-880 ammonia. _ 


Fig. 1. Special haematocrit tube. The tube is made of 9 mm. bore celluloid tubing, is 105 mm. : 
long and its base is a perforated disc. A perforated cap screws on to the base and holds in 
place a rubber disc. During centrifugation the hole beneath the rubber is filled with plasticine 


to prevent deformation of the rubber. After centrifugation the plasticine is removed and the 
cells are drawn off as illustrated. | 


After about 20 min. the pH was brought to about 7-4 by the addition of acetic acid, and the 
serum was transferred to a dialysing sac and dialysed against ice-cold 0-:85% (w/v) NaCl. This 
saline was changed 12-14 times over a period of 48 hr., and finally the serum was dialysed for 
2 hr. in a boiling tube containing about 30 ml. of saline, and the '*!I content of this saline was 
determined. It always proved negligible. The labelled protein was then transferred to a sterile 
tube and stored in the refrigerator. 

Indirect procedure, 2-5 mg. heparin was added to about 30 ml. of blood, which was then divided 
into two parts. The first part consisted of two 8 ml. portions, to each of which 0-1 ml. of radioactive 
protein solution was added. After gentle mixing for 5-10 min. about 1 ml. of blood was removed 
from each portion to make duplicate haematocrit estimates in 3 mm. bore haematocrit tubes, and 
the remainders were centrifuged for 10 min. at 2000 r.p.m. The radioactive (sample) plasma was 
then removed from each. The plasma of the second part of the original blood was separated and 
two radioactive standards were prepared by adding 0-1 ml. of radioactive protein solution to 
two 4 ml. portions of (inactive) plasma. For estimation of radioactivity duplicate 1 ml. volumes 
of plasma were taken from each sample and from each standard plasma, and were added to 
10 ml. portions of a solution of 0-9 g. NaCl and 1-0 g. tri-sodium citrate per 100 ml. The ™I 
contents were estimated in the Geiger-Miiller counter described by Veall (1948). 
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Direct procedure. About 30 ml. of heparinized blood were divided into two parts. To the first 
part of about 16 ml. was added 1 ml. of radioactive protein solution, and after thorough mixing 
this radioactive blood was transferred to two special centrifuge tubes, illustrated in Fig. 1, in 


which it was centrifuged for 30 min. at 3000 r.p.m. in a centrifuge head of 15 om. radius. The 


supernatant plasma was then separated and kept; the buffy coat and the top few mm. of packed 
cells were discarded. The centrifuge tube was mounted vertically in a clamp, and a needle fitting 
tightly to a well oiled 2 ml. syringe was pushed through the rubber disc into the bottom of the 
packed cell column, and the cells were slowly sucked off till the upper end of the cell column had 
fallen to within 5 mm. of the needle tip. In this way approximately the lower 85% of the packed 
cell column was drawn off; it was usually drawn off in two portions corresponding to the lower 
third and upper two-thirds of the cells removed. ) 

Standard samples consisted of 0-2 ml. supernatant radioactive plasma, 1 ml. of inactive packed 
cells (separated from the second part of the original blood), and 10 ml. of the saline citrate solution. 
Packed cell samples consisted of 1 ml. of radioactive packed cells and 10-2 ml. of saline citrate 
solution. The red cells in all samples were lysed with saponin before counting. Counts were made 
in the Geiger-Miiller counter for liquids described by Veall (1948). 

Possible causes of error with the iodinated protein methods 

In both types of method the amount of plasma in the packed cell column is determined from the 
quantity of ‘I in the plasma of whole blood samples. Errors will arise if free '*4I diffuses into 
the cells. All samples of iodinated protein have been dialysed till negligible quantities of '*'I 
were found in the dialysate. Under the conditions used here the chief part of the remaining iodine 
should be linked firmly to the tyrosine residue of the protein. In all instances but two, precipitation 
of the iodinated protein with a mixture of three parts 95 % (v/v) ethanol and one part ethyl ether 
brought to the boil removed 99% of the contained 1**I. In these two instances the estimates of 
plasma trapped in the packed cell column obtained did not differ significantly from the other 
estimates and they have therefore been accepted. We think therefore that this cause of error is 
excluded. Errors will also arise if labelled protein is attached to the cells. All human blood 
samples were grouped, and the sera used for iodination were chosen so that they did not agglutinate 
the cells of the samples to which they were added. Such iodinated serum proteins would not be 
_ expected to become attached to the cells. Dr J. O. Laws kindly made electrophoretic observations 
which indicated that iodinated bovine albumin was not attached to the red cells. Finally errors 
will arise if “I is precipitated during centrifugation with the cells. All iodinated protein solutions 
were kept sterile in the refrigerator and used within 3 or 4 days of preparation. Before about half 
the experiments the iodinated protein solutions were centrifuged at 1400g for 60 min., after 
which only the top layers were drawn off for use. 

RESULTS 
estimated with protein labelled with 111 
Human blood : indirect procedure 


Table 5 summarizes the results of duplicate observations on eleven samples 
of blood drawn from eight healthy men and women. On different occasions 
analyses were made on three samples drawn from R. and two from H. and these 
show fair agreement. The labelled serum protein was of the same blood group 
as the blood to which it was added. The mean estimate of plasma as the per- 
centage of the haematocrit packed cell column is 4-25 + 1-74 (s.D. about mean). 
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blood: direct procedure 


_ Table 6 summarizes the results of observations on nine samples drawn from 
healthy donors. In most experiments analysis was made of the plasma content 
of the lower third and the upper two-thirds of the packed cell column. In six 
experiments labelled serum protein was added to blood of the same group. 
In the other three experiments labelled bovine serum albumin was added. 
The results obtained with the two different protein solutions do not differ 
significantly. On the average the lower 85%, of the packed cell column, spun 
in 9mm. bore tubes at 3000 r.p.m. for 30 min., contained 5:10+0-40% of 
plasma. The lower third of this averaged 40% and the upper two-thirds 
58% plasma, Since the lowest levels of the packed cell column are subjected 
to the greatest forces, it would be expected that in them packing would be 
more complete than in the higher levels. 


Taste 5, The percentage of the packed sell: of the 
by the indirect form of the radio-active 
method 


Duplicate estimates Haematocrit, 
of plasma cells 
expressed as Mean plasma % of 

Subject % packed cells * packed cells whole blood 
47 60 4-85 44-4 
41 49 4-5 44-4 
| 67 50 5-85 45-8 
H, 61 69 6-5 43-3 
$2 59 7-05 44:8 
G. 21 47-7 
44 346 40 42-2 
M. 26 42 3-4 46-5 
Ww. 32 8626 2-9 49-2 
-12 38 1:3 38-2 
B. 10 2-55 43-9 
Means _-_ — 4-25 + 1-74 (s.D.) 44-6 


TaBLz 6. The percentage of the packed cell column of human blood spun under the standard 
conditions in 9 mm. bore tubes, that consists of plasma, as estimated by the direct form of 
the radioactive method 

Plasma, % of Plasma, % of 
% of packed 


Subject column* cell column* cell column 
R. 4-0 

6-3T 5-5 

A39 6-4 5-5 

G. 4-1 5-5 5-0 

M. 4:0 5:8 5-2 

B. 46 

Hu. 43 58 5:3 

Wr. A36 5-5 48 

Me. A32 5-0 4-4 
Means 4-04 5-76 5: 5-10-40-40 (8.D.) 


“Tg Approximately the lower 85% of the packed cell column was drawn off for analysis. 
+ The plasma in the lower and upper halves of the packed cell column was estimated. 
A indicates estimates made with iodinated bovine albumin. 
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Rabbit blood: direct procedure 

Since the observations by the indirect and direct sities on human blood 
showed close agreement, observations on rabbit. blood were made only with 
the direct procedure. Two small modifications of the technique used with human 
blood were made. Because our rabbits had an average of about 35% packed 
cells, which gave a rather short packed cell column in the special haematocrit 
tubes, the cell content was raised to about 40% by preliminary gentle 
centrifugation with removal of some plasma. No attempt was made to group 
the rabbit’s blood to which the labelled rabbit serum solution was added. 
However, we were careful to draw blood samples from rabbits that had never 
been transfused, and on no occasion’ was there visible haemolysis in the 
supernatant plasma of blood to which radioactive serum protein solution had 
been added. The results of observations on ten samples of blood drawn from 
healthy rabbits, and two from rabbits 3 weeks after 40-50% of their blood 
had been removed, are shown in Table 7, In eight observations labelled serum 

TasBLE 7. The plasma trapped in the packed cell column of rabbit’s blood estimated by 
the direct radioactive method 
bore tubes 


Plasma, % of Plasma, % of 
lower packed upper packed 


umn* cell column* . Notes 
‘Normal rabbits 
Rabbit 1 3-8 5-3 48 
2 4-4 6-0 5-4 
3 49° 6-9 6-2 
4 5-0 6-9 6-2 i 
5 4-0 6-1 
6-0 Percentage of cells 
7 4-1 5-9 7 5:3 raised artificially 
8 42 58 5-2 
9 A 42 6-8 5-9 
10 A40 5-9 53 
Mean 4:27 616 5-5 
+0-46 (s.D.) 
Bled rabbits 
A 50 $7) 40-50% total blood 
2 A 51 6-6 removed 3 weeks 


* Approximately the lower 859 ofthe packed cll lum was drawn of for analysis. 
A indicates estimates made with iodinated bovine albumin. 


protein and in four labelled bovine albumin was used. In the blood drawn 
from normal rabbits the average plasma expressed as a percentage of the 


lower 85% of the packed cell column was 5:5+0-46. The lower third of this - 


portion of the packed cell:column contained on the average 4:3%, the upper 
two-thirds 6:2%. The estimates given by the labelled serum protein and 
labelled serum albumin agreed. The results, averaging 6-7%, on the blood of 
the two animals that had been bled, differ from the mean of the other results 
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by 2°5 times the standard deviation, and this difference is probably significant. 
oe observations are required on blood drawn from abnormal animals. 


The effect of a raised red cell sedimentation rate on the amount 
of plasma in the packed cell column 


_ The red cell sedimentation rate of three samples of blood drawn from healthy 
men was increased by the addition of fibrinogen, and the plasma trapped in 
the packed cell column was measured by the direct procedure, using labelled 
bovine albumin. The blood with raised sedimentation rate was prepared as — 


follows: 20 ml. of heparinized blood were gently centrifuged, 5 ml. of plasma 


were drawn off, and in their place were added 5 ml. of isotonic sodium chloride 
containing 1-7 g. °% human fibrinogen. The sedimentation rates were measured 
in 10 cm. blood columns in 9 mm. bore haematocrit tubes and, because of the 
shortness of the blood column, were considerably underestimated. The results 
of these experiments are shown in Table 8. The average plasma expressed as 
a percentage of the lower 85% of the packed cell column of blood containing 
rapidly sedimenting red cells was 3-6%, or 1-5% less than in the packed cell 
column of untreated blood. The percentage of plasma in the lower third; 

averaging 2-8 and in the upper two-thirds, averaging 4-1, show that —— 
has been more complete throughout the whole cell column. — 


were made as those in Table 6, rate of the won 
__ by the addition of fibrinogen to the blood : 


Subject cell column cell chen cell column rate, mm./hr.* 
R. A29 es 3-6 48 
A 3-6 3-3 50 
Mean 2:80 4-07 3-63 


* Estimated in 9 mm. bore tubes containing 100 mm. slutans of heparinised blood. 
A indicates estimates made with iodinated bovine albumin. 


DISCUSSION 
Conclusions from our observations 

First, the estimates on human blood made by the indirect and direct radioactive 
methods, respectively 4-25 +1-74% (s.p.) and 5-1+0-40%, show good agree- 

ment, Second, the observations with the direct method show that less plasma 
ig trapped in the lower than in the upper parts of the packed cell column. 
‘Therefore, under given conditions average packing will be slightly more 
efficient in the short cell column of anaemic than in the long cell column of 
polycythaemic blood. Third, under the conditions used here, prolonging the 
period of centrifugation by a further 30 min. results in slightly less trapped 
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plasma. Fourth, considerable variation in red cell sedimentation rate may — 
cause some, but not much, variation in the amount of plasma trapped in the 
packed cell column. Fifth, our observations suggest that packing is slightly 
more efficient in 1 mm. bore than in 3 mm. bore haematocrit tubes. 

It should be noted that the direct form of the radioactive protein method 
described here has three advantages over previous direct methods: (i) there is _ 
no risk of contamination with supernatant plasma, (ii) washing the plasma 
out of the packed cells is unnecessary and (iii) some haemolysis does not affect 
results. | 

Comparison of various workers’ results on human blood, 

With the exception of the results of Chapin & Ross, the results obtained by 
the workers using indirect methods (see Table 1) and haematocrit methods 
similar to those used by us, show good agreement, and also agree well with the 
observations reported here. Mayerson, Lyons, Parson, Nieset & Trautman 
(1948) claim to have confirmed the results of Chapin & Ross. The agreement by 
the majority of workers indicates that the results of Chapin & Ross are wrong, 
and Barnes, Loutit & Reeve (1948) have suggested a possible explanation. 

Of the observations made by the direct method, those of Oberst (1935) were 
made primarily to determine the error caused by adherent plasma to the 
estimation of the sodium content of the red cells, and the radius of the 
centrifuge head is not stated. Maizels (1945) found a significantly lower 
content of plasma in the packed cell column than we did. The reason for this 
is uncertain, but perhaps he did not succeed in washing all the plasma out of 
the cells. The single observation of Gregersen & Schiro (1938) shows good 
agreement with ours. | 

Hence the majority of workers find that 4-5% of the packed cell column 
of human blood spun at 3000 r.p.m. for 30 min. in a centrifuge head of about 
15 cm. radius consists of plasma. : 


Mathematical estimate of trapped plasma | 

The volume of plasma that would be trapped, supposing the red cells were 
rigid flat circular discs and were packed in apposition can be estimated 
mathematically. The least and most efficient forms of packing and the method 
of making the calculation are illustrated in Fig. 2. The most efficient form of 
packing would result in 9% of the packed cell column consisting of plasma. 
It is clear, therefore, that the cells are not packed as flat discs, but are deformed 
by the centrifugal force to fill the intercellular spaces shown in the diagram. 
This would be expected from the easy deformation of the red cells that has 
been observed in the capillary circulation (Krogh, 1922). 
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Errors of independent methods of estimating cell volume 
Indirect procedure. A known quantity, N, of marking agent, which dissolves 


- in and confines itself to the plasma, is added to a known volume, B, of whole 


blood. After mixing, the marked plasma is separated and n, the quantity of 
marking agent in unit volume, determined. P, the volume of plasma in B, 


‘is determined from P=N/n. The volume of cells in B is B— P. If H is the cell 


volume given by the haematocrit, than Q, the BP) of the packed cell 
column that consists of plasma, is given by ———_—— 


Fig. 2. A. Least efficient packing. 
given by a x 100 and is 21-5% of the total volume. B. Most efficient packing. The 


% intercellular plasma is given by ae x 100 and is 9% of the total volume. 


P may also be determined from the change in concentration of plasma protein 


“caused by the addition of a known volume of isotonic saline. If V ml. of 


isotonic saline are added to the blood sample and the protein concentration 


_ before the addition is A, and after the addition is A, mg. per ml., then 


4a 

P=Vx——* 

Brean in estimating H and B may be neglected since with careful technique 
they should be small. The accuracy of the estimate of Q is then chiefly dependent 
on two factors, the accuracy of the estimate of P and the size of the haematocrit. 
The accuracy of the estimate of P depends on the accuracy of estimation of 
the quantities or concentrations N, , A, and A,. Assume that these are 
measured with an error of + 1% of their total quantity or concentration. 
Then, in half the cases when the errors do not cancel out, P is determined to 
+2% of its total volume from N/n and to +4% of its total volume from 
A,|(A,— 
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As shown by the following examples the size of H influences the error of 
estimate of Q. Let P be estimated with an error of +2% of its total volume. 


1. Let H=52-6, B=100 and P=50. 
P is estimated as 49 or 51. 
Q then=4:7 +2. 

2. Let H=31-5, B=100 and P=70. 
P is estimated as 68-6 or 71:4. 
Q then =4-7+4-4, 

Direct procedure. Whole blood, with or without added plasma ‘iain agent, 
is spun under standard conditions. M, the mg. of plasma protein or marking 
agent in 1 ml. of the supernatant plasma, is determined. The packed cells are 
separated and analysed for m, their total content in mg. of plasma protein or 
marking agent. If C is the volume of packed cells analysed, then Q, the per- 
centage of their volume consisting of plasma, is given by eS ee If M and m 
are estimated with an error of 1% of their total quantities, then in half the 
cases when the errors fail to cancel out, the total quantity of plasma contained 
in the packed cell column will be estimated with an error of + 2%. To illustrate, 
using the first example given above: let H =52-5, B=100 and P=50. 

Then 2-5 ml. plasma is trapped in every 52°5 ml. packed cells. 

This volume of 2-5 ml. will be estimated with an ey of +0-05 ml. 
Q will then be estimated as 4-7 + 0-1. 

From this analysis it is clear that the direct procedure is inherently much 
more accurate than the indirect. With the indirect procedure considerable 
errors are particularly liable to occur if blood samples with low packed cell 


volumes ate analysed and if P is determined from Vx gate 


of the standard deviations of our results, shown in Tables 5, 6, and 7, and of 
the results of other workers shown in Tables 1 and 2, confirms the greater 
accuracy of the direct procedure. It is curious that the only workers whose 
results with the indirect procedure show a standard deviation of less than 
1-0 are Chapin & Ross, and as already seen the weight of evidence indicates 
that these results are erroneous. 


. Examination 


The findings of McLain & Ruhe (1949) 

From their results, summarized in Table 2, McLain & Ruhe concluded that 
“most dilution procedures are not well adapted to precise serum volume 
estimates. Correction of conventional haematocrit results by a constant factor 
based on dilution methods is not justified by present data’. In this paper we 
conclude that it is justifiable to correct haematocrit results by a constant 
factor, and therefore it is necessary to examine the data on which McLain 
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& Ruhe base their conclusions. Nine of the twelve independent methods of 
estimating packed cell volume used by them were indirect and based on the 
change in protein concentration or specific gravity caused by the addition of 
a volume of saline about equal to the volume of serum of the blood sample to 
which it was added. P was determined from V x >“? g,- With six of ther 

indirect methods they obtained mean values of 9-0-17-9% plasma in the packed 
cell column. The standard errors of the means of these six methods are all 
above 7-0 and the results can therefore be disregarded. The mean estimates of 
three (one direct and two indirect) of the remaining six methods ranged between 
3-4 and 43% and did not differ significantly. One indirect method was based 
on the determination of the heat-coagulable solids in small plasma samples, 
the direct method giving a mean of 2+1-2%, and the indirect a mean of 
9-3+3:3%. Finally the T1824 indirect procedure gave a mean of 7-0+4-7%. 
The standard deviation of their results with this last method was 3-4 times | 
that of the results obtained with the same method by Gregersen & Schiro (1938) 
(on dog blood}, Shohl 4 Hunter (1941), and Morrison (1948), suggesting that 
the technique of the latter workers was much more precise than that of 
McLain & Ruhe. McLain & Ruhe themselves note that ‘precise estimates of — 
serum volume by the dilution method require the utmost accuracy in 
measuring the index concentrations’. We think that McLain & Ruhe have 
shown that very variable estimates of the amount of plasma trapped in the 
packed cell column are obtained with inaccurate methods, but not that 
variable estimates are obtained with carefully tested precise methods. — 


Standardizing haematocrit estimates 
In the past there has been considerable variation in the haematocrit methods 
used by different workers. As a result uncertainty has arisen in comparing 
the results obtained by one method with those obtained by another, and in 
deriving true cell volumes from the various haematocrit estimates, Further, 
the interpretation of results has often been made almost impossible because 
a number of workers have given insufficient details of the haematocrit methods 


they have used. The best method of standardizing haematocrit estimates is to 


transform them into true cell volumes. There is now enough evidence to justify 
estimating the true cell volume in heparinized blood from healthy subjects 
from the packed cell volume x 0-95, when the packed cell volume is determined 
by the haematocrit method used by us. Hence the user of another forar of 
haematocrit method can determine the correction factor necessary to apply 
to the packed cell volume given by that method, by comparing its estimates 
with those obtained with the haematocrit method used here, corrected x 0-95. 


To avoid uncertainty in interpretation of their results all ap 3 owe 
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haematocrit methods should state the anticoagulant used, the dimensions of 
the haematocrit tubes, the lengths of the columns of blood in them, the radius 
of the centrifuge head, the speed and time of said ie the correction 
factor applied and how it was obtained. 


SUMMARY 

1. New direct and indirect methods, using protein labelled with radioactive 
iodine, for estimating the amount of plasma trapped in the packed cell column 
of the haematocrit are described. 

2. With these methods it was found that when 100mm. columns of 
heparinized blood from normal men were spun in 3mm. bore tubes in 
a centrifuge head of 15 cm. radius at 3000 r.p.m. for 30 min., about 5% of the 
packed cell column consisted of plasma. When heparinized blood from normal 
rabbits was spun under the same conditions, about 5-5% of the packed cell 
column consisted of plasma. In all bloods the lower layers of the packed cell 
column contained less plasma than the upper layers. 

3. The quantity of trapped plasma was a little reduced by increasing the 
sedimentation rate of the erythrocytes, by spinning in narrower (1 mm.) bore 
_ tubes or by spinning for 60 instead of 30 min. 

4. The results of previous workers are reviewed and compared with those 
reported here. 


preparation of proteins labelled with radioactive iodine. 
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FATIGUE OF MAMMALIAN NERVE IN RELATION TO 
THE CELL BODY AND VASCULAR SUPPLY. 


By G. CAUSEY* anp G. M. SCHOEPFLE 


_ From the Department of Physiology, Washington 
Uniwersity, St Lowis, Missouri | 


(Received 18 April 1951) 


The sequence of fatigue and recovery in peripheral nerve, and its dependence 
on the cell body and the blood supply of the nerve, has never been thoroughly 
investigated. 

Relatively little appears to be known of the effects of prolonged repetitive 
stimulation on mammalian nerve when it is still in functional connexion with 
its parent cell and retains its normal blood supply. Attempts have indeed been 
made to observe the effects of prolonged stimulation of the axon upon the 
parent cell (Kocher, 1916; Hydén, 1943; Bertram & Barr, 1949; Liu, Bailey & 
Windle, 1950). The results, however, have been conflicting, and no means have 
yet been devised to find whether the presence of the nerve cell protects the 
axon from, or in any way alters, its susceptibility to fatigue. 

Differences in the resting potential between points along the length of nerves 
in frogs and rays were recorded by Du Bois-Reymond (1884). Whether these 
differences are due to the properties of the fibres not being uniform throughout 
their length or to the varying proportions of connective tissue has been in- 
vestigated and discussed by Mendelssohn (1885), Hellwig (1898), Weiss (1905) 
and Lorente de Né (1947). 

Two further observations may be noted: (a) degeneration in isolated nerves 
is reported to be accelerated by continuous stimulation (Cook & Gerard, 1931); 
and (6) tetanic stimulation produces fatigue very rapidly in crustacean nerve 
(Levin; 1927). 

In the experiments reported here, the nerves to the hind limb of anaesthetized — 
rabbits have been subjected to fast repetitive stimulation. By stimulating the 
middle of the intact nerve, still connected with its cell body, and recording the 
resulting action potentials at each end of the nerve, it was possible to compare 
the effects of fatigue at different distances from the nerve cell body in pre- 
parations with intact blood supply. The effects of varying the blood supply 
were also examined in similar preparations. 

* ‘Address: Department of Anatomy, University College, London. 
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METHODS 


In rabbits anaesthetized with urethane the whole length of the sciatic nerve was exposed from the 
sciatic notch to the ankle by reflecting the biceps muscle and turning aside the lateral head of the 
gastrocnemius after cutting through it close to the bone. The-only vessels cut in this approach were 
the skin vessels, the saphenous vein and muscular branches to the biceps and gastrocnemius. The 
nerve was moistened with mammalian Ringer’s solution during the 

Short lengths of nerve were freed from epineurium, to facilitate recording, sities Greels. (a) near 
the sciatic notch, and (6) immediately above the ankle. A third stretch of nerve was similarly 
prepared for stimulation at a region just below the knee, distal to the branches entering the muscles 
of the back of the leg. Care was taken to leave intact the lateral arterial branches which enter the 
longitudinal anastomosing chain of the nerve (Adams, 1942), A stretch of nerve between two 
contiguous vessels was used for each set of electrodes. 

Three stimulating electrodes were used, a central anode and two flanking cathodes, approxi- 
mately 4mm, apart. All electrodes were made of thick silver wire (20-gauge) bent into hooks. 

The action potentials were recorded with a balanced input amplifier referred to earth. The rabbit 
was connected to earth and the recording electrode nearer to the stimulating electrode of each 
recording pair was connected, through moist cotton-wool pledgets, to the underlying muscle. 
This reduced stimulus artifact and eliminated the positivity associated with each apj 
action potential. Recording was carried out under mineral oil. A large trough for this oil was 
made by hooking up the skin and muscles on each side of the nerve. 

Single thyratron shocks were synchronized with the oscillograph horizontal sweep. For testing, 
the rate of stimulation was 1 per sec. (single sweep). Repetitive stimulation was at frequencies of 
300-1000 per sec. (continuous sweep). In the later instances, sweep duration determined the 
frequency of stimulation. The stimulus strength was kept just above that necessary for a maximum 


response. 

Conduction time was measured from the end of the shock artifact to the initial rise of the 
negative wave from the base line, and spike height, from the base-line to the peak of the negative 
wave. The alteration of the conduction time of single sweeps was found to be the most accurate 
and consistent measure of the fatigue effect produced by fast repetitive stimulation. 


RESULTS 


When the tibial nerve was stimulated below the branches to the gastrocnemius 
muscle the conduction velocities for the largest fibres at the beginning of the 
experiment were equal, whether recorded proximal or distal to the stimulating 
electrodes. The records in Fig. 1.4 show the compound action potentials from 
the proximal and distal ends of a typical preparation, in which the conduction 
distances were approximately 3-8 cm. proximally and 4-8 cm. distally, giving 
a conduction velocity of approximately 56 m./sec. in each case. On stimulating 
at 450 per sec. there was at first a rapid fall in height of the negative spike and 
increase of the conduction time, followed by a slower decrease of height. 
Records B of Fig. 1 show superimposed action potentials elicited by repeated 
stimulation after 2 hr. 30 min. at 450 per sec. Note the increase in conduction 
time. 

Single sweep records taken within a few seconds of the cessation of high 
frequency stimulation are shown in Fig. 1C. Conduction velocity for the 
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fastest fibres was reduced to 73% of the original velocity proximally, and to 
69% distally. Fifteen minutes after the cessation of fast stimulation the con- 
duction velocities had increased to 80% in both cases as shown in Fig. 1D, 
but recovery was not yet complete | hr. 15 min. after fast stimulation was 
stopped (see Fig. 1 £). 
In discussing changes in spike height during fast stimulation it should be 
noted that the total observed latency for the slowest observed component 
fibres in a polyphasic record was in this instance longer than the interval 


between stimuli. Hence, a base-line for the largest fibre action potential was | 
Distal Proximal Distal Proximal 


Fig. 1. Oscillographic records of rabbit sciatic nerve action potentials. Those labelled ‘ proximal’ 
are recorded near the sciatic notch; those labelled ‘distal’, from the tibial branch near the 
ankle. In both instances stimuli are applied just below the knee to the tibial branch of the 
sciatic. Conduction velocities are indicated in terms of percentage normal control. A, normal 
controls taken at a rate of 1 per sec. B, superimposed records obtained during repetitive 
stimulation at 450 per sec., 2 hr. 30 min. after the beginning of stimulation. C, records taken 
at 1 per sec. during the recovery period immediately after cessation of repetitive stimulation. 
D, records taken at 1 per sec. after 15 min. recovery. H, records taken at one per sec. after 
1 hr. 15 min. recovery. Time record 10,000 cyc./sec. throughout. : 


rendered uncertain. However, it can be seen that the spike height in records B 
of Fig. 1 has been reduced to a fifth or less of the original height during the fast 
stimulation. | | 

Single sweep records, Fig. 1C, taken at the beginning of the recovery period 
show appreciably diminished amplitude distally but very little diminution 
proximally. However, this small proximal diminution is not typical. In most 
of our records proximal and distal amplitudes are markedly diminished in 
single sweep records immediately after fast repetitive stimulation, but there 
is no consistent difference between the proximal and the distal ends. 

Records of Fig. 12 after 1 hr. 15 min. recovery, though not exactly super- 
imposable on records 1.4, do show approximately the same amplitude. How- 
ever, some of our records show supranormal amplitude after 42 min. recovery” 

(Fig. 2), which may be similar to those found after recovery from anoxia by 
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- Heinbecker (1929) or soon after the constriction of the blood supply by 
Porter & Wharton (1949). 

In the experiment illustrated in Fig. 1, recovery after’ 2 hr. 30 min. stimula- 
tion at 450 per sec. was relatively complete. But Fig. 3 shows the series of 
proximal and distal action potentials, before fast stimulation (A), immediately 
after fast stimulation (B), and after 1 hr. 20 min. recovery (C), in a preparation 
stimulated at 650 per sec. for 3 hr. In this case there is no recovery of conduction | 
rate or amplitude. 


Distal Proximal Distal Proximal 


Fig. 2. Rabbit sciatic nerve action potentials. B, super- 
imposed records taken during fast repetitive stimulation, 64 min. after the beginning of 
stimulation at 500 per sec. stimulation. C, records taken during recovery at 1 per sec. 
immediately after cessation of fast repetitive stimulation. Note the high spikes. D, records 


Fig. 3. Rabbit sciatic nerve action potentials recorded as indicated in Fig. 1. A, normal controls 

taken at 1 per sec. 3B, records taken at one per sec. immediately after a 3 hr. period of 
repetitive stimulation at a rate of 650 per sec. C, records taken at 1 per sec. after 1 hr. 20 min. 
recovery. Note failure of conduction rate to recover. 


The effect of fatigue on fibres with different rates of conduction 
In a number of rabbits the stimulating electrodes were placed proximal to 
the branches to the gastrocnemius muscle instead of distal. In this way the 


proximal electrodes were recording from the fibres of the tibial trunk plus the 
fibres to the muscles of the back of the leg, but the distal electrodes were 
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recording only from the tibial nerve above the ankle. Records in Fig. 4.4 show 
respectively the proximal and distal records from the unfatigued nerve, the 
amplification of the proximal record being less than that of the distal record. 


Distal Proximal Distal Proximal 


Fig. 4. Rabbit sciatic nerve action potentials with upper stimulating cathode placed proxima 
to the branches innervating the gastrocnemius muscle. A, initial controls at 1 per sec. 


B, records taken at 1 per sec. immediately after the end of rapid stimulation at 350 per 


sec, for 2 hr. 20 min. C, records taken at 1 per sec. after 1 hr. recovery. 


0 10 20 30 4” 
Time in minutes 
Fig. 5. Recovery of conduction velocity after fatiguing. Ordinates represent conduction velocity 
of largest fibre components in the rabbit tibial nerve. Abscissae indicate time after cessation 
of fast repetitive stimulation at 500 per sec. for 1 hr. | 


The conduction time in the proximal sweep is about half that of the distal 
due to inclusion of the fast fibres of the muscle nerves. Records in Fig. 4B 
show the proximal and distal records after stimulation at 350 per sec. for 
2 hr. 20 min. The amplification of each record is the same as the comparable 
record in A, The spike amplitude is reduced appreciably in both cases. How- 
ever, it is of particular interest that the conduction velocity of the distal record 
has decreased to 81% of the original conduction velocity and the proximal 
conduction velocity only to 94% of the original conduction velocity. This greater 
decrease in the conduction velocity distally as compared with proximally is 
reproducible under these conditions and is probably referable to differences in 
fibre size. Fig. 40 shows the proximal and distal records after 1 hr. recovery 
period. The distal conduction velocity is back to 89% of its original value, 
while the proximal conduction velocity has returned completely to the original 
value, 
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Pieces of the tibial nerve were taken from the part of the nerve proximal to 
the branches to the calf muscles and distal to these branches. Transverse 
sections were cut after fixation in Flemming’s solution and stained by Weigert’s 
method. Measurement of the diameters of the myelinated fibres showed that in 

the distal portion there were no fibres of diameter greater than 18. In the 
proximal portion there were 217 fibres with diameters of from 18 to 22. 

We were able to make some incidental observations on the effect of inter- 
ference with the vascular supply of the nerve. If the lateral vessels going to 
the proximal end of the nerve were cut, by stripping the nerve out of its sheath 
and separating it from the neighbouring nerve bundles, or if the vessels at 
either end were constricted by kinking over electrodes or by excessive tension, 
then recovery at that end was always impaired, as compared with the well 
vascularized end. 

The curve in Fig. 5 shows the rate of recovery of conduction velocity in the 
fastest tibial fibres after fatigue by stimulation at 500 per sec. for 1 hr. 


DISCUSSION 


With the method described it is possible to record the action potential following 
rapid stimulation for many hours, in mammalian nerve with a good blood supply 
and freedom from drying, and by using the increased conduction time shown in 
single sweeps after such fatigue, it is possible to get an accurate measurement 
of the relative amount of fatigue and recovery at opposite ends of a nerve 
trunk whilst still in continuity with its cell bodies. 

_ The increase in the conduction time after fast repetitive stimulation shown 
in our records might be due to loss of excitability of the faster conducting 
fibres. The experiments in which the fibre sizes distally are less than those 
proximally make it appear that the loss of excitability of the larger fibres is not 
the cause of the increase in conduction time, for it seems that, in keeping with 
the earlier evidence (Heinbecker, 1929) it is, in fact, the smaller fibres which are 
more quickly fatigued. 

The measurements of conduction velocity were in the main comparative, 
but even in using the absolute velocity the question as to the real point of 
excitation in relation to the cathode (Rushton, 1949) should give rise to very 
little error. Rushton gives the distance as 3mm. in the frog; assuming a 
similar figure for the rabbit it would not give rise to any great error in the 
absolute velocity calculated in these experiments for conduction distances of 
3-5 cm. 

The distance from the nerve cell body does not produce any demonstrable 
difference either in fatigue or in subsequent recovery with the degree of 
stimulation we have used. The greater increase of the conduction time at the 
distal end, compared with the proximal end shown in Fig. 4 and similar 
experiments, seems to be associated with the earlier fatigue of the slower 
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conducting fibres and their slower rate of recovery (Heinbecker, 1929). When 
the conduction velocities and therefore presumably the fibre sizes, are equal we 


could find no difference in the cycle of fatigue and recovery between the hwo 
ends of the nerve. 


Preliminary experiments after severing the nerve trunk high up in thigh and 

- fatiguing the tibial nerve between the knee and the ankle indicate that the 
lateral anastomotic vessels are sufficient to support full recovery of the action 
potential. Since the cell body is now removed it seems not to be essential for 
recovery from the degree of fatigue used in these experiments. 

We have shown that with prolonged stimulation for 3 hr. at fast rates there 
is evidence of failure of recovery. But until it has been possible to show that 
the blood supply is still unimpaired after these long intervals and that there is 
no inflammatory or other incipient change in the environment it is premature to 
associate this failure to recover with some irreversible or slowly reversible 
change in the nerve ante. 

SUMMARY 


1. A method of recording the action potentials from both ends of a nerve 
with cell-body connexions and blood supply intact is described. | 

2. There is no demonstrable difference between the two ends in fibres of 
equal conduction velocity in the effect of fatigue on either the conduction time 
or the recovery. 


3. Recovery of single action potentials both in conduction time and ampli- 
tude occurs after stimulation for 1-2 hr. at rates of 300-1000 per sec. if the 
blood supply of the nerve is intact. 


This work was carried ou whilst one of us (G. C.) was in receipt of a Rockefeller Travelling 
Grant. 
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THE BLOOD FLOW IN THE UMBILICAL CORD OF 
THE FOETAL GUINEA-PIG 


By J. T. SHEPHERD ann R. F. WHELAN 
From the Department of Physiology, The Queen’s University of Belfast 
(Received 30 April 1951) 


Measurements of the blood flow in the umbilical vessels of the sheep have 
been made by Cooper, Greenfield & Huggett (1949) using a venous occlusion 
plethysmograph according to the principle of Brodie & Russell (1905). The rate 
of change of foetal volume was observed following inflation of a pneumatic bag 
to a pressure sufficient to prevent for a few seconds the flow of blood in the © 
umbilical veins, without interrupting the flow in the umbilical arteries (Cooper 
& Greenfield, 1949). 

_ This paper describes the application of the same method to the measurement 
of the blood flow in the umbilical cord of the foetal guinea-pig. 


METHODS 


The plethysmographs used were similar to that described by Greenfield (1949) but very much 
smaller. The Perspex curtain attached to the lid, which effected the seal at the point of entry of the 
umbilical cord, was made as small as possible. Rubber bicycle valve tubing was fixed to the upper 
surface of the rim of the plethysmograph so that when the lid was clamped down a water-tight 
joint was obtained. 

"The foetuses ranged from 14 to 106 g. in weight and from 7-5 to 14:3 cm. in length from nose to 
rump, measured with the neck extended and the back straight. The foetal age was unknown. 
Two plethysmographs were made, the measurements of which were 11 x4cm.x2cm. and 
12-5 x 4-5 om. x 3 cm. respectively, and the one of most suitable size selected for the individual 
foetus. The volume changes in the plethysmograph were transmitted to a soap-bubble recorder 
(Greenfield, 1948) and the movements of the bubble recorded photographically. One cm. on the 
record corresponded to about 0-1 ml. and the calibration was nearly linear. 

Forty experiments were performed. Of these, nine were discarded for various reasons, as 
described later. The mother was anaesthetized with urethane in nineteen experiments, with ether 
in ten and with pentobarbital sodium (Nembutal) in two. The urethane was given in divided doses 
until surgical anaesthesia was obtained, a total dose of 1-6 g./kg. of body weight usually being 
required. The subcutaneous route was chosen in preference to the intraperitoneal to avoid the 
possibility of intrauterine injection. Nembutal was also given subcutaneously, 0-026 g./kg. being” 
injected initially, and further doses (bringing the total to about 0-045 g./kg.) were usually required 
to produce surgical anaesthesia. The ether was administered by inhalation throughout the period 
of the experiment. . 
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The mother was secured in the supine position on an inclined plane, and the lower part of the body 
immersed in a bath containing physiological saline, which was stirred and maintained at 37° C. The 
foetus was delivered under saline (Huggett, 1927) by Caesarean section, the uterus being incised as 
far away from the placenta as possible. The membranes were removed from the foetus and cord and _ 
the foetus was placed in the plethysmograph, care being taken to avoid tension on the cord. 

Three difficulties were met with: | 
e (1) The umbilical cord was usually 3-4 cm. long, but occasionally was shorter than 2-5 om., and 
in such cases it was impossible to arrange the foetus in the plethysmograph without stretching the 
_ cord. Surface-tension effects imposed minimum dimensions on the parts of the plethysmograph 
_ forming the water seal at the entry of the umbilical cord. 
of (2) Multiple pregnancies were common. In the hope of making use of all the foetuses and of 
causing the least possible disturbance to each, we usually began by making observations on the 
_ first foetus delivered, leaving the others in the uterus. The remaining’ foetuses sometimes made it 
_ mechanically difficult to arrange the first foetus in the plethysmograph without tension on the cord 
_ and, moreover, they were themselves often extruded from the uterus before they were required. It 
_ might have been better to sacrifice all foetuses but one at the outset. 

(3) Occasionally the placenta separated and the foetus died. 


RESULTS 


When a pneumatic bag is inflated to press on the umbilical cord, the rate of 
change of foetal volume is the same as the net rate of transfer of blood from the 
foetus to the placenta. This rate is initially the same as the resting rate of blood 
flow in the umbilical arteries if the veins are completely obstructed and the 


E 

mm, Hg mm. Hg mm. Hg 


Fig. 1. Observations on three foetuses of weights 50, 106 and 88 g. respectively, from different 
litters. Ordinate: initial rate of change of foetal volume in ml. per kg. foetal weight per min. 
Abscissa: pressure in mm.Hg in the bag compressing the cord. Each point represents a single 
observation. 


arteries unaffected. Unfortunately, in the guinea-pig cord the vessels are small 
and usually so arranged that it is impossible to compare the effects of inflating 
the bag to various collecting pressures with direct mechanical compression of 
the veins. In one case, however, the distal part of the cord contained two veins 
and three arteries, one vein lying to each side. It was thus possible in this 
instance to compare the apparent flow obtained by bag compression of the cord 
at an optimum pressure with that obtained by direct occlusion of the two veins 
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only (Table 1). The two methods gave substantially the same results, indicating 
that the collecting pressure (in this instance 45 mm. Hg) effectively arrested 
the flow in the veins without obstructing that in the arteries. 


TaBLE | 
Initial rate of change of foetal volume 
(ml./min.) 


E 


removal of foetus Bag inflated Direct compression 
from uterus to 45 mm. Hg of veins 
58 4:3 
40 
3-0 
67 2-6 
eat 2-7 
2-4 
90 2-0 
904 2-3 
91 2:1 
024 
2. 

93 1-9 

105 2-4 
1054 — 2-0 
106 2-5 
122 2-5 
1224 2-5 
123 2-5 
129 2-3 
1 3-0 
2-4 
Average 2-5 2-7 


By applying a series of different collecting pressures the range of pressures 
which gave the highest apparent blood flow was determined for each foetus. 
Fig. 1 shows examples on three foetuses from different litters. It will be noted 
that similar values for umbilical blood flow in individual foetuses were obtained 
over a wide range of pressures which is a further indication that satisfactory 
venous occlusion was being obtained without reducing the flow in the umbilical 
arteries. 

This procedure was repeated at intervals throughout each experiment to 
determine any alteration in the optimum collecting pressure range. Only flows 
obtained with pressures within the optimum range were accepted. Fig. 2 shows 
the results of one experiment, and the relationship of the apparent blood flow 
to the collecting pressure at four periods during the experiment is shown in the 
lower half of the figure. 

The blood flow was calculated from the slope of the curve of volume decrease 
during the three or more heart beats immediately following the application of 
the collecting pressure and during which the foetal volume decreased in a linear 
manner (Fig. 3). The linear decrease during this period indicated that the 
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umbilical arterial flow was proceeding at a steady rate and was not affected by 


the accumulation of blood in the placenta. 


mi./kg. foetal wt./min. 


ml./kg. foetal wt./min. 


60 


60 0 60 0 0 
mm. Hg mm. Hg mm. Hg . mm. Hg 


Fig. 2. The umbilical blood flow in ml. per kg. foetal weight per min. in a foetus of weight 72 g. 
The four lower frames show the relationship of the apparent blood flow to the collecting ° 
pressure during the course of the experiment. The observations were made between 0 and 10, 
14 and 20, 30 and 33, and 48 and 51 min. respectively. 


a AAAA 


0-1 


Fig. 3. A tracing from a typical record showing the linear decrease in volume immediately following 
the application of the venous occlusion pressure (A) and the subsequent slowing of the heart 
rate. Following the release of the pressure (B) the foetal volume increased rapidly for two or 
three heart beats and then much more slowly. The return to the initial volume (not shown in 


the figure) was complete in 15 sec. 


A comparison of the foetal heart rate before and during the application of 
the collecting pressure showed that there was a slowing of the heart rate but 
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that this did not commence until at least five heart beats after the veins had 
been obstructed (Fig. 3). In three foetuses, ten blood flow observations were 
made at 15 sec. intervals, in order to determine whether repeated applications 
of the collecting pressure had any effect on the blood flow. The first observa- 
tion was not significantly different from the subsequent observations. The 
average flows in the three foetuses were 93:4 (s.p. 3-4), 74:1 (s.D. 6-0) and 
69-7 (s.D. 9-8) ml./kg. foetal weight/min. | 
Tasxe 2. Individual results on thirty-one foetuses. Observations were made on two foetuses 
from guinea-pigs nos. 139 and 11a, and on three foetuses from guinea-pig no. 142 


Mater- No. of 
nal No. of Foetal Blood Av. observa- Time 
guinea- foetuses weight tions observed 
pig no. inlitter (g.) in, (min.) Anaesthetic 
10a 2 14 0-6-1-4 66 Ether 
9a 3 29 1-1-2-3 22 Ether 
139 4 30 1-0-1-8 1-4 47 23 53 Ether 
126 2 30 1-0-2-1 15 50 23 27 Urethane 
157 4 31 0-7-3-2 2-4 77 83 300 Urethane 
| 32 1-1-3-9 2-7 84 71 161 Urethane 
l4a 4 32 0-9-2-2 15 47 55 233 Nembutal 
139 4 34 1-341 2-5 74 32 83 | 
126 2 35 1-4-3-8 2-6 74 68 222 Urethane 
142 4 45 1-4-3-5 2:8 62 19 54 Urethane 
(142 4 45 1-2-3-4 2-4 53 37 41 Urethane 
5a 2 45 2-0-4'8 3-1 69 23 23 Ether 
144 3 50 1-6-3-2 2-5 50 23 Urethane 
156 2 50 1-8-3-5 2-6 52 30 88 Urethane 
159 3 50 1-8-5-5 2-8 56 71 180 Urethane 
190 4 50 1-0-3-8 2-9 58 41 121 Urethane 
142 4 50 2-3-3-7 2-8 56 ee 16 Urethane 
160 4 55 «10-33 2-5 45 33 103. Urethane 
5a 2 55 1-9-4-3 3-3 60 62 135 Ether 
lil 1 62 3-1-9-2 6-0 97 81 183 Urethane 
6a 65 2-3-4'1 3-2 49 43 40 Ether 
116 2 66 2-9-3-7 3-4 52 19 83 Urethane 
109 3 68 3-855 4-7 69 15 45 Urethane | 
lla 3 - 70 3-4-7-0 51 73 48 57 Ether 
lla 3 72 5-0-10-0 7-8 108 84 66 Ether 
15a 88 3-8-7-6 6-0 68 41 48 Nembutal 
3a 2 90 44-56 49 54 8 15 Ether 
53 3 91 3°3-6°8 5-9 65 9 15 Urethane 
21 2 97 3-8-9-6 6-6 68~ 38 64 Urethane 
110 2 98 4-2-7-3 6-1 62 ee 91 Urethane 
16 1 106 5-0-14-0 8-4 79 lll 336 Urethane 


Records were obtained on forty foetuses but those on nine were rejected as 
being unsatisfactory. For example, in one experiment four foetuses were 
present. The recordings on the first were satisfactory and continued for 54 hr. 
At the end of this time recordings were made on the second and third foetuses, 
but these were rejected because the placentae had partially separated and the 
membranes were very vascular and bled on cutting. The fourth foetus was dead. 
In another experiment the placenta was bright red and foetal distress was 
evident. In a third experiment the mother died from the anaesthetic 12 min. 
after the abdomen was opened. Similar grounds for rejection were present in 
the other six cases. Satisfactory records were obtained on thirty-one foetuses 
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which were observed for periods of 15-336 min. (Table 2). In nineteen of these 
there was no change in the general level of the flow throughout periods of 
15-233 min. In ten there was a gradual decline of 11-54% during the experi- 
ment. In two there were increases of 24 and 65%. It is therefore reasonable to 
suppose that the taking of records did not have any detrimental effect on the 
foetal blood flow. 

The pressure in the bag which just failed to diminish the flow in the umbilical 
arteries has been plotted against the foetal weight (Fig. 4). The pressure can be 
seen to increase with increase in foetal weight. . 


CO 00 
o8 ea 
o8a 
Ao 
A 
0 | | L 
0 50 100 
Foetal wt. (g.) 


Fig. 4. Ordinate: the bag pressure in mm. Hg which just failed to diminish the flow in the umbilical 
arteries. Abscissa: the foetal weight in g. Urethane, © ; ether, A ; Nembutal, (1); solid symbols 


The main results are summarized in Table 2. It is apparent that there is an 
increase in the average umbilical blood flow in ml. per min. with increasing 
foetal weight (Fig. 5). When the blood flow is expressed in ml. per kg. foetal 
weight per min. there is no tendency to any change with increasing foetal 
weight over the range of weights examined. | | 

It can be seen from Fig. 5 and Table 2 that the results obtained with ether and 
with Nembutal anaesthesia were similar to those obtained with urethane. The 
flows in the singletons, though they lay in the upper range of flow, did not vary 
greatly from the general level. ae | 

An analysis of the association between blood flow, foetal weight and foetal 
length of the thirty-one foetuses showed that a linear equation expressing 
average blood flow in terms of foetal weight gave a reasonable degree of iad 
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ship. The inclusion of foetal length or higher powers of weight and length did 
not materially improve the prediction. The regression equation was — 
Blood flow in 1./day = — 0-589 +0-104 (foetal weight in g.). 
From the equation it can be concluded that, over the range of foetal weights _ 


observed, for each gram increase in weight of the foetus the average daily 
increase in blood flow will be about 0-1 1./day. 
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ether A ; Nembutal (); solid symbols indicate singletons. 


DISCUSSION 


In general the results described are similar to those of cls & Greenfield 
(1949) and Cooper et al. (1949) for the umbilical blood flow in the foetal sheep. 
The method used was similar, and the results are subject to the same uncertainties 
that they describe. 

One important difference between our results and those in the sheep is in the 
blood flow per kg. foetal weight per min. In the case of the foetal sheep this 
ranged from 130 to 250, and in the case of the guinea-pig from 45 to 108 ml./kg. 
foetal weight/min. 

It is difficult to assess the effect of the anaesthetic but the fact that we have 
obtained similar results with three chemically different agents and with different 
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methods of administration, suggests that the anaesthetic was not responsible 
for any major alterations in the foetal blood flow. It therefore appears that the 
difference between the observed umbilical blood flow per unit weight per min. 
in the sheep and the guinea-pig probably indicates a genuine species difference. 
The significance of this difference is discussed in the paper by Greenfield, 
Shepherd & Whelan (1951). 


SUMMARY 


1, The umbilical blood flow in the foetal guinea-pig has been measured by 
venous occlusion plethysmography in foetuses from 14 to 106 g. in weight. 

2. The blood flows averaged 64 ml./kg. foetal weight/min., the extreme 
values being 45 ml. and 108 ml. 
3. These values are much smaller than ates previously described for the 

foetal sheep. 

4, The blood flow (6) in litres per day is related to the foetal weight (w) in 
grams by the equation | 

| b= —0:589 + 0-104 


We wish to thank Prof. A. D. M. Greenfield for his advice and criticism and for his help with the 
preliminary experiments. We also thank Dr E. A. Cheeseman of the Department of Social and 
Preventive Medicine, Queen’s University, for advice and assistance with the statistics. We are 
grateful to Dr Lamont and Dr Pearson of the Veterinary Research Farm, Stormont, for providing 
some of the guinea-pigs. 
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THE RELATIONSHIP BETWEEN THE BLOOD FLOW IN 
THE UMBILICAL CORD AND THE RATE OF FOETAL 
GROWTH IN THE SHEEP AND GUINEA-PIG 


By A. D. M. GREENFIELD, J. T. SHEPHERD anv R. F. WHELAN 
_ From the Department of Physiology, The Queen's University of Belfast 
(Received 30 April 1951) : 


It may reasonably be assumed that no substantial quantities of nutritive 
material reach the mammalian foetus after the establishment of the placenta 
except by way of the circulation through the umbilical vessels. If this is the 
case, differences in rate of weight increase between species, or between indivi- 
duals of different ages in the same species, might be associated with (1) variation 
in rate of blood flow between foetus and placenta, or (2) variation in the amount 
of blood needed to lay down unit weight of foetal tissue, or (3) a combination 
of these factors. Data have recently become available which permit the 
relative importance of these possibilities to be assessed in the sheep and 
guinea-pig. 
Figures have been published for the umbilical blood flow in foetal sheep of 
various ages and weights (Cooper, Greenfield & Huggett, 1949) and in foetal 
guinea-pigs of various weights (Shepherd & Whelan, 1951). The method of 
measurement was the same in both cases and the foetuses were observed 
shortly after delivery by Caesarian section under saline. The sheep were under 
spinal and the guinea-pigs under general anaesthesia, but Shepherd & Whelan 
(1951) obtained similar results with several anaesthetics and concluded that 
these were not responsible for any major alteration in blood flow. There was no 
direct evidence that the rate of blood flow was the same as, or even similar to, 
that in utero, but the steady rate of flow maintained by individual sheep and 
guinea-pig foetuses for periods up to several hours after delivery made it 
unlikely that there was any great discrepancy. 3 


METHODS AND RESULTS 


In calculating the amount of blood needed to lay down unit weight of foetal 
tissue, the main difficulty lies in arriving at a figure for the rate of weight 
increase of individual foetuses. This rate cannot be determined by serial 
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weighings. Even if such weighings were possible, they would be of limited 
value because quite large temporary fluctuations in weight may well result 
from such causes as alterations in fluid balance. It is therefore necessary to 
determine the foetal age/weight relationship for the species by observations on 
a number of foetuses and to assume that any individual foetus was increasing 


in weight at the rate usual for a foetus of the same weight or, alternatively, of 


the same age. 

Huggett & Widdas (1951) have recently shown that the relationship of 
conception age in days (t) to foetal weight in grams (W) for several mammalian 
species can be represented by the general equation 

Wi= a(t (1) 
where @ and ¢ are constants. They analysed their data for fifty-five singleton 


sheep foetuses and obtained the linear regression of cube root of weight on age 
expressed by the equation 


Wt =0-147 (¢—37). (2) 
From this it follows that 

dw 

0-441 Wi, (3) 

id = 000954 —37)*. 


The foetuses on which these equations are based were of the same breed, and 
many of them were the same foetuses, as those used by Cooper et al. (1949) for 
their umbilical blood flow determinations. 

In the case of each sheep foetus, three methods of calculation (A, B and C) 
have been employed to obtain the rate of weight increase on which the results 
in the corresponding columns of Table 1 are based. In all three methods the 
data were those for the singletons in Table 1 of Cooper e al. (1949). 

A, The foetal weight was substituted in equation (3) to find dW/dt, the in- 
stantaneous rate of weight increase in grams per day. This assumes that these 
foetuses were increasing in weight at the same rate as qverage foetuses of the 
same weight. 

B. The foetal age was substituted in equation (4) to find dW/dé. This 
assumes that the foetuses were increasing in weight at the same rate as average 
foetuses of the same age. | 

C. This method of calculation was independent of the Huggett & Widdas 
equation. Log weight in grams was plotted against age in days for all the 
foetuses, and a smooth curve fitted to the points by inspection. Tangents drawn 
to this curve allowed the rate of weight increase to be estimated at different 
ages, 

In the case of the guinea-pigs, data were available for foetal weight but not 
foetal age, and the method of calculation of the rate of weight increase was 
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similar to method A for the sheep. The regression of W# on ¢ for the 132 foetuses 
of Draper’s (1920) series of age 20 days or more has the equation 


W*=0-0898 (¢— 16-12), (5) 


which almost coincides with the line for guinea-pigs drawn by Huggett & — 
Widdas.by inspection, and this equation was used in the calculations. 

Relationship of blood flow to weight increase. Data for umbilical blood flow 
were converted to litres per day. Knowing the weight increase in grams per day 
it was possible to calculate the blood flow in litres through the umbilical vessels 
while 1 g. of foetal tissue was laid down (Tables 1 and 2). 


Tasxz 1, Singleton sheep foetuses. Blood flow through the umbilical vessels in litres while 1 g. of 
foetal tissue is laid down. Calculations have been made in three ways, A, B and C, as 
in the text. 
| Blood flow 


Foetal t 
A B 
68 3-7 4:5 6-2 
109 2-7 2-8 3-0 
255 4-3 43 4-7 
7380 5-4 4-6 3-9 
917 59 56 4-8 
1180 6-6 6-4 5:7 
1347 8-3 75 6-8 
1643 5-5 4-8 4-9 
1722 6-1 6-6 6-0 
1791 4-8 4:7 4-4 
2109 5-4 5-3 5-4 
2179 51 4:5 5-4 
7-4 13-3 
4200 5-8 12-9 
Average 5-5 5:3 6-2 
8.D. 1-6 15 3-2 


TaBLE 2, Guinea-pig foetuses. Blood flow through the umbilical vessels in litres 
while 1 g. of foetal tissué is laid down. 


Foetal weight Foetal weight 
(g.) Blood flow (g.) Blood flow 
14 0-83 50 1-15 
29 1-02 55 0-98 
30 0-77 55 1-23 
30 0-85 62 2-04 
31 1-32 65 1-06 
32 ‘144 66 
32 0-81 68 151 
34 1-27 70 1-60 
35 1-28 72 2-40 
45 1-08 88 1-61 
45 117 90 131 
45 1-32 91 1-52 
50 0-99 97 1-67 
1-01 98 1-54 
50 1-09 106 2-00 
50 1-09 


Average 1:28 (s.p. 0-38) 
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DISCUSSION 


In the case of the sheep, the close correspondence of the values for blood flow 
per gram of new foetal tissue, obtained by three different methods of calcula- 
tion of the rate of weight increase, gives some assurance that they are reasonably 
correct. Only in the case of the two heaviest foetuses did the results obtained 
by method C differ seriously from those by methods A and B, and it is at this 
end of the scale that it is most difficult to decide on the best smooth curve to 
fit to the log W/t data. It may be that rates of weight increase of individual 
foetuses deviate considerably from the average, and to this extent the figures 
for umbilical blood flow in litres per gram may be erroneous for individuals. The 
average for the series (5-5 |./g. by method A), however, is unlikely to be greatly 
in error. 

Although in the case of the guinea-pigs calculations could not be made by 
methods B and C, the average blood flow of 1-281./g. appears to indicate 
a genuine species difference. That is, the sheep foetus requires a larger amount 
of blood than the guinea-pig to lay down a given weight of new tissue. 

The question arises whether the foetal maintenance requirements of the two 
species are widely different. During the laying down of dW g. of new tissue, 
W g. of existing tissue must be maintained for a time dt. From equation (3) it 
follows that, for the sheep, 


dw 
Waw wWiaw 
Wi 0-441 

When dW is 1, : 

W dt =2-27 Wt. (6) 
Similarly, for the guinea-pigs 

W dt=3-71 Wi. (7) 


Substituting the foetal weights in Tables 1 and 2 in equations (6) and (7) 
respectively, gives the number of gram-days of maintenance required while 
1 g. of new tissue is laid down. It ranges from 9-2 for the lightest to 36-5 for the 
heaviest sheep foetus, and from 8-9 for the lightest to 16-1 for the heaviest 
guinea-pig foetus. Even at the foetal ages when these figures for maintenance 
requirements are similar, the sheep foetus circulates 3-4 times as much blood 
through the placenta as does the guinea-pig while 1 g. of new tissue is laid down. | 
It is not possible to say to what extent the difference is due to the activity of 
the placentae in modifying the composition of the umbilical venous blood. 
There is a great deal of evidence, some of which is reviewed by Barcroft 
(1946), that the individual organs of the foetus do not grow at the same rate. 
The various organs form different proportions of the total foetal weight at 
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different ages (Carlyle, 1945a). They may also require different amounts of 
blood to lay down 1 g. of new tissue. Isolated foetal tissue slices from different 
organs consume different amounts of oxygen per gram per min., and for most of 
the organs there are also age differences (Carlyle, 19456). Thus overall foetal 
requirements for the growth of 1 g. of foetal tissue, and for 1 g.-day of tissue 
maintenance, may well vary with foetal age. These considerations naturally 
detract from the significance of the individual figure in Tables 1 and 2, but they 
cannot explain the consistent differences between the species over the wide 
range of foetal weights represented in these tables. | 


SUMMARY | 

1, Calculations have been made of the blood flow through the umbilical cord 
in foetal sheep and guinea-pigs during the laying down of 1 g. of foetal tissue. 
The uncertainties of the calculations are discussed. 

2. In sheep foetuses of weight 68-4200 g. the average blood flow is 
5:5 (s.D. 1-6) L./g. of tissue laid down. 

3. In guinea-pig foetuses of weight 14-106 g. the average blood. flow is 
1-28 (s.p. 0-38) 1./g. of tissue laid down. 

4. In spite of the uncertainties of the blood flow measurements and the 
calculations of expected daily increase in weight it is probable that there is 
a genuine difference between the sheep and guinea-pig in the amount of blood 
flowing while unit weight of foetal tissue is laid down. | 

We wish to thank Prof. A. St G. Huggett and Dr W. F. Widdas for giving us access to their 
paper before publication. 

REFERENCES 
Barcroft, J. (1946). Researches on Pre-Natal Life, p. 34. Oxford: Blackwell. 
Carlyle, A. (1945a). J. Physiol. 104, 34P. 
Carlyle, A. (19456). J. Physiol. 104, 35P. 
Cooper, K. E., Greenfield, A. D. M. & Huggett, A. St G. (1949). J. Physiol. 108, 160. 
Draper, R. L. (1920). Anat. Rec. 18, 369. 


Huggett, A. St G. & Widdas, W. F. (1951). J. Physiol. 114, 306. 
Shepherd, J. T. & Whelan, R. F. (1951). J. Physiol. 115, 150. 


Ty 
oR 
x 
a 
a 
d 
3 
. 
wa 
a 
ig 
A 
. 
‘ 
‘ 
F 


J. Physiol. (1951) 115, 163-176 


DISTRIBUTION OF HISTAMINE AND SUBSTANCE P IN 
THE WALL OF THE DOG'S DIGESTIVE TRACT | 


By W. W. DOUGLAS, W. FELDBERG, 
W. D. M. PATON anp M. SCHACHTER 
From the National Institute for Medical Research, Mill Hill, 
London, N.W.7 


(Received 8 May 1951) 


The experiments described deal with the histamine content of the different 
regions of the digestive tract, from the oesophagus to the rectum, and of the 
different layers of the wall at each region studied. Although various authors 
have described the presence of histamine in the wall of the digestive tract, 
a systematic survey of its distribution has so far not been attempted. The 
paper also includes preliminary experiments on the distribution of another 
smooth muscle stimulating substance which resembles the substance P of 
Gaddum & Schild, and may be identical with it. 

The results of previous work on histamine in the wall of the digestive tract 
may be summarized as follows: Histamine has been isolated chemically from 
gastric and intestinal mucosa of various species (Barger & Dale, 1911; Abel & 
Kubota, 1919), and under conditions which exclude the possibility of bacterial 
origin or the formation from putrefactive changes during the extraction 
(Gerard, 1922; Sacks, Ivy, Burgess & Vandolah, 1932). Schild’s experiments 
(1939) on the guinea-pig’s digestive tract indicate that histamine is present 
along its whole length. He found that histamine was released from the 
oesophagus, stomach, small and large intestine during the antigen-antibody 
reaction of anaphylaxis. Quantitative estimates of the histamine present in 
the wall of the intestine and stomach have been obtained by biological assay 
in various species. In the small intestine the values per gram of fresh tissue 


‘were for the horse 7-Syug. (Gaddum & Schild, 1934), for the dog 35yg. 


(Gaddum, 1936), and for the guinea-pig 8:5-20yg. (Schild, 1939). The values 
for the horse and dog were obtained after removal of the mucosa. The histamine 
present in the gastric mucosa has been determined by Gavin, McHenry & 
Wilson (1933), by Emmelin & Kahlson (1944), and by Trach, Code & Wangen- 
steen (1944). The values for dogs were much higher than those for cats and 
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human beings and in all three species the histamine concentration in the 
mucosa of the fundus was about twice that of the pyloric and antral region. 
The values in pg. histamine per gram mucosa were as follows: dog, fundus 
48-180 (average 85), pyloric region 24-80 (average 47); cat, fundus 5-34 
(average 16), pyloric region 4-16 (average 9); human beings, fundus 4-24 
(average 10), antral region 3-12 (average 6). Gavin et al. showed further that 
the muscularis propria contained less histamine than the mucosa, which 
contains 80°%, of the histamine of the stomach wall. Histamine appears also 
in the gastric juice and is thought to be derived from the mucosa histamine 
(for references see Babkin, 1950). 

The name substance P was given by Gaddum & Schild (1934) to an unknown 
substance found first by Euler & Gaddum (1931) in extracts of the muscle 
coat from the small intestine and of brain and believed to be a polypeptide. 
The extracts caused a fall of arterial blood pressure in the atropinized rabbit 
and @ slow contraction of the isolated atropinized intestinal preparation of 
the rabbit. Euler (1934, 1936a) found large amounts of what appeared to be 
the same substance in human semen and in extracts of the prostrate gland of 
various animals. Substance P has a stimulating action on a number of smooth 
muscle preparations and on smooth muscles in vivo, but it has apparently no 
effect on the bronchi (Euler, 19366; Bjurstedt, Euler & Gernandt, 1940; 
Gernandt, 1942; Vogt, 1949, 1950; Kuck & Vogt, 1950). The fact that 
substance P can be precipitated with half-saturated ammonium sulphate has 
been made use of to prepare highly active powders (Euler, 1936c, 1942). 

Kuler (1936 a,6) suggests that the release of substance P in the intestinal 
wall may be responsible for its spontaneous movements. It diffuses out from 
the wall of a piece of intestine suspended in physiological saline solution. 
According to Vogt (1949) substance P, or a related substance, is released in 
increased amounts from the wall of the frog’s stomach during vagus stimula- 
tion, and is therefore thought to be responsible for the atropine-resistant motor 
effects of vagus stimulation on the digestive tract. Recent findings by Vogt 
(1950), and particularly an analysis by Fischer & Vogt (1950) with paper 
chromatography, have shown that substance P may consist of two related 
substances, the one with’a greater action on the blood pressure of the rabbit, 
the other on the atropinized rabbit’s intestine. The term substance P may 
refer to more than two polypeptides, each with slightly different actions. 

Erspamer (1940) has described the presence of yet another smooth muscle 
stimulating substance of unknown constitution in extracts of gastric and 
intestinal mucosa, but not of muscularis propria. This substance is thought to 
be a di- or polyphenol derivative and has been called enteramin; it is also 
found in spleen extracts. Like substance P it lowers the arterial blood pressure 
in the atropinized rabbit, but differs from substance P in many of its physical- 
chemical properties as well as in the fact that it has a very strong stimulating 
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HISTAMINE OF DIGESTIVE TRACT 165 
action on the atropinized rat’s intestine, but practically none on the guinea- 
pig’s and rabbit’s intestine. 

Recently a substance with properties similar to those of substance P has 
been obtained by Rocha e Silva, Beraldo & Rosenfeld (1949) by the action of 
proteolytic venoms or trypsin on globulin. This substance, which is thought 
to be a polypeptide, was given the name bradykinin. Its relation to substance P 
is unknown. Its action on the intestine resembles the ‘slow reacting substance’ 
obtained by the action of venoms on lecithin (Feldberg & Kellaway, 1938; 
Feldberg, Holden & Kellaway, 1938), but the two substances are not identical, 


since the one is a split product of lecithin, the other of globulin. 


| METHODS 
Dogs were bled under chloralose anaesthesia, and the whole digestive tract removed from the still 


living animal. Oesophagus, stomach, small intestine and colon with rectum were separated, their 
contents washed out with tap water, and were then kept in saline solution in the refrigerator until 


_ required for preparing the extracts. 


In each experiment pieces about 2 cm. long were cut out from the different sections and separated 
into their layers. Six to nine areas were taken from the small intestine after its approximate 
length had been measured. The position of these areas along the intestine is shown in Fig. 1. 
However, the different pieces were not removed and extracted in the order given in the figure. 
For Expt. 1, the order was 6, 14, 10, 13, 8, 7, for Expt. 2 it was 6, 14,.10, 8,7, 13, and for Expt. 3 it 
was 6, 14, 10,7, 12, 13, 9, 8, 11, Adjacent areas gave practically the same values, when one was 
prepared first and the other last. Similarly, it made no difference whether the extracts were first 
made from the oesophagus, stomach or intestine. The time, 2}-3 hr., required for extraction of all 
areas in a single experiment did not apparently affect the result. 

Of each area of the small intestine, colon and rectum, four layers were usually separated, and 
extracted separately. Starting from the lumen, the layers will be referred to as: (1) glandularis 
mucosae or gl, mucosae, (2) muscularis mucosae or m. mucosae, (3) submucosa, and (4) muscularis 
externa or m. externa with serosa attached to it. The first two layers represent the mucosa; its 
m. mucosae consists of a thick layer of smooth muscle fibres. The term gl. mucosae refers to that 
part which is easily scraped off from the m. mucosae. The submucosa consists of a tough 
membranous sheath of connective tissue which is easily removed intact. 

The wall of the oesophagus was readily separable into two layers only: the m. externa and the 
submucosa plus mucosa. Nor was it possible to divide the mucosa of the stomach into two clearly 
defined layers, and the mucosa was therefore extracted as a whole. 

The procedure of extraction was as follows: the fresh tissue was weighed and then ground in 
a mortar with sand and with about 2 ml. x-HCl/g. tissue. When the tissue was partly macerated, 
about 10 ml, H,O/g. tissue, as well as a few ml. of saline solution, were added to the mortar and 
grinding continued. The macerated tissue, with the fluid, was boiled for about a minute and 
filtered. The filtrate was either kept in the refrigerator overnight, or tested at once for histamine, 
after neutralization with n-NaOH, on the guinea-pig’s ileum preparation suspended in a 15 ml. 
bath, to which 0-2-0-4 ug. atropine was added. All histamine values are given as base. 

No systematic identification of the active principle with histamine was attempted, because 
previous work had clearly shown that histamine itself is responsible for the histamine-like effects 
of such extracts. It was shown, however, (1) that the extracts lowered the arterial blood” pressure 
in the atropinized cat, and (2) that the effect on the intestine was abolished by small doses of 
mepyramine (0-2 ug. added to the 15 ml. bath) and on washing out this anti-histamine compound, 
the sensitivity of thé preparation to histamine returned together with that to the active principle 
in the extracts. It is of course possible tl at the contractions produced by the extracts, although 
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due to histamine, are augmented by the effect of sensitizing substances in the extracts. If so, the 
error introduced by this factor can only be slight, because the amounts of tissue extract required 
for testing were small. 

The the P Was on the atropininéd’ guines-plg’s preparation after 
it hadi 46 toy of 08 of mepyramine to the bath. 
In some experiments the effect was compared with that of an old sample of substance P given to 
us by Professor von Euler, to whom we should like to express our thanks. In one experiment 
extracts were also assayed on the arterial blood-pressure of the atropinized rabbit under urethane 

RESULTS 

Distribution of histamine in the wall of the digestive tract 


Preliminary experiments showed that histamine-like activity was obtained in 
the extracts from all sections of the digestive tract and from all layers of the 
_ wall when tested on the atropinized guinea-pig’s ileum, but the activity varied 


Oesophag | Stomach : Small intestine Colon Rectum 
2 6117) (8119 
Exp. 1 | 14 24169 6 ~ 3218 8 73 - 70- 6 55 | 
Exp. 2 | 10 18169 70 241117 89 49; 32 37 3 
57 70 -|79 8 9 66 68 68 57 48 4% 


Fig. 1. Diagram of digestive tract to illustrate the position of the pieces taken for extraction and 
histamine assay. ne ns: entire wall of the 
respective areas. 


greatly according to the source of tissue extracted. A systematic examination 
of the various layers and the different sections of the digestive tract was 
therefore carried out in three dogs; in each between 46 and 50 pieces of tissue 
were extracted and assayed separately, Fig. 1 gives the regions of the digestive 
tract from which the different pieces were obtained. The histamine values 
shown in this figure for the whole wall were not obtained from assaying pieces 
of the whole wall, but by calculations from the values obtained from the 
different layers in each piece, and their weights. 

. Ocesophagus. Of all sections of the digestive tract the wall of the enabihagus 
yielded the lowest histamine equivalents. In the two experiments of Fig. 1 
the values varied between 10 and 24,ug./g. fresh tissue and the values were 
higher in the lower than in the upper part. of the oesophagus; both m. externa 
and mucosa showed this increase. The histamine is mainly in the mucosa 


‘ plus submucosa, although they together form less than 50% of the wall; the — | 


m. externa only contributed Danone 15 and 39 vas of the histamine of the 
wall (Table 1). | 
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Stomach. Fig. 1 shows that, whereas the wall of the fundus and corpus — 
contained nearly 704g. histamine per gram wet tissue, the wall of the pyloric 
region contained less than half this amount. Again the main contribution was 
from the mucosa. The histamine values found here corresponded to those given 
by Gavin et al. (1933) and by Emmelin & Kahlson (1944). The mucosa of the 
fundus and corpus contained 65-133 wg., that of the pyloric region 40'and 63 yg. 
histamine per gram fresh weight, which corresponded to between 47 and 70%, 
of the whole histamine of the wall (Table 2). The highest values were found in 
the mucosa of the fundus (120 and 133 ug./g.). The relatively lower histamine 
content of the wall of the pyloric region is mainly accounted for by this lower 


histamine content in the mucosa. - | 
TaBte l, Histamine equivalent in wall of oesophagus 
Contribution of each layer to wall 

vg. histamine/g. in A 

Aree Individual layers tiseuo 
Fig.1 No. wall M.485M. ME. “MiSM ME “MiSM. MEL 

1 14 25 5-5 42 23 
2 10 20 2-8 82 18 
2 18 3 20OSt«O 44 56 85 15 


Taste 2. Histamine equivalent in wall of stomach 


Contribution of each layer to wall 

peg. histamine/g. in A 

Area Individual layers of tissue histamine 

in Expt. Whole ————~- A A 
Fig.1 No. wall M, SM. ME. M. SM. ME. M. SM. ME, 
Fundue 1 6 13 23 18 & @ 
3 2 120 6 4 #3 2 48 & 0 
| Corpus 1 6 100 16 40 60 6 Wb 
| 4a TH 104 42 385 145 47 2 2B 
Pylorice 

region 32 638 4 £125 365 


_ M.=mucosa; SM. =submucosa; ME. = muscularis externa. 


In Expt. 2 the superficial layer of the mucosa of the corpus was scraped off; 
| it amounted to 24% of the mucosa, and contained 35,g./g. histamine as 
: compared with 108,g./g. of the remaining deeper part of the mucosa. The 
same procedure was performed with the mucosa of the pyloric part; the tissue 
scraped off amounted to 34% of the mucosa, and contained 18 ug. histamine 
as compared with 86ug./g. in inc of the mucosa. 

Fs Surprisingly high values of histamine (46-109,g./g.) were found in the 
membranous sheath of the submucosa; they were sometimes as high as, or 
even higher than, those of the mucosa. In all but one piece, between 72 and 
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85% of the histamine of the stomach wall was accounted for by that present 
‘in mucosa and submucosa. 

In all parts of the stomach the histamine equivalent of the m. externa was 
low, the lowest. values being obtained in the pyloric region, although here 
the m, externa may form about two-thirds of the wall. ‘These results are in 
agreement with those of Gavin e al. (1933). | 

In Expt. 3, two pieces were taken from the corpus of the stomach, one along 
the greater curvature, the other, opposite to it, along the lesser curvature. 
The piece from the lesser curvature contained more histamine than that from 
the greater curvature; the difference was neces by all layers wa it was not 
great (see Table 2). 


Taste 3. Histamine equivalent of wall of intestine 


* pg. histamine/g. in Contribution of each layer to wall] 
Area Individual layers % weight of tissue % weight of histamine 
in Expt. Whole — A 
Fig.1 no. wall GM. MM. SM. ME. GM. MM. SM. ME. GM. MM, SM. ME. 
1 16 1565 6 FT DW 10 1 
1 2 0 10 6© 0 6 16 
1 73 9% 10 28 9 3 38 #8 
8 2 72 10 3823232 283 0 3 3 5 12 
3 9 10 70 2% 232 10 38 290 & 7 8 
9 3 9 23 220 8 9 
10 2 7 10 3% 238 0 3 
3 6 8 10 60 2 235 36 95 31 2 8&8 wee 
6 6 15 8 1756 125 17 6 
1 67 «680 61300 87 T 9 
5 180 2 3 6 10 4 4 4 % 
3 | 5 7 6 610 
1 53 5 10 #0 18 
14 2 23 145 263 6&8 DB & 
3 49 2 19 10 40 6b 9 14 
1 5 11 180 3 7 5 6 1 82 10 
15 2 B 6 10 20 2 & 
37 5 100 2% 18 8 26 4 
GM-=glandularis mucosae; MM. lari SM.=submucosa; ME.=muscularis externa. 


Small intestine. As seen from Fig. 1, the wall of the small intestine has 
a high histamine equivalent which gradually decreases from duodenum to 
ileum and, in the duodenum, the histamine equivalent is even higher than that 
of the stomach wall of the fundus or corpus. Again, as can be seen from Table 3, 
the main contribution of histamine is made from the mucosa, and again 
relatively high values are obtained from the submucosa, whereas the m. 
externa usually contains less histamine. This layer contributes only between 
8 and 25% (average 12%) to the histamine of the wall, although it represents 
25-42%, (average 33%) of its weight. The highest values (up to 190yg./g.) 
were obtained from the m. mucosae, which in all but one piece yielded higher 


& 


i 
j 
7 
Pe 
4 
$3 
3 
4 
4 
A 
“4 
4 


HISTAMINE OF DIGESTIVE TRACT 169 


histamine equivalents than those of the gl. mucosae. The reduction in the 
histamine content of the wall from duodenum to ileum is shared by all layers 
except the m. mucosae, so that, in the lower part of the ileum, the m. mucosae 
is many times richer in histamine than any other layer. The gradient in the 
histamine content from duodenum to ileum is in part also accounted for by 
the fact that the m. externa presents a higher percentage of the wall in the 
ileum than in the duodenum. | 

The relatively high histamine content of the submucosa is not derived from 
the adjacent muscularis mucosae by diffusion during the delay in extraction, 
as shown by the following experiment. A loop of duodenum was opened under 
chloralose anaesthesia. The mucosa and the m. mucosae were scraped away 
from the submucosa, allowing the blood to flow freely during this time, and 
leaving the submucosa in contact only with the histamine-poor m. externa. 
The portion of duodenum was then excised and the submucosa dissected off 
and extracted. Its histamine content was 60g./g., as compared with 65 yg./g., 
the histamine content of an adjacent piece of submucosa prepared with the 
usual technique. 

In Expt. 1, the m. externa from the piece lying between nos. 6 and 7 was 
separated into its two layers, which were extracted separately. The tissue of 
the circular muscle layer made up two-thirds of the wall and contained 
41 g./g. histamine, whereas the longitudinal muscle layer with serosa con- 
tained 23ug./g. The value for the m. externa calculated from these figures 
would be 35yug./g., which has to be compared with 42 and 34,yg./g., the cor- 
responding values found for the m. externa in the adjacent pieces. _ 

Colon and rectum. The histamine values of colon and rectum are lower than 
those of the lower ileum. The histamine gradient in the small intestines thus 
continues in the colon and rectum. Only a thin layer of gl. mucosae could be 
scraped off, and this layer contained very little histamine. No histological 
examination was made to see if the remainder of the mucosa was free from 
glandular tissue and consisted solely of m. mucosae; it certainly had a hista- 
mine content as high as that of the m. mucosae of the small intestine, whereas 
the thick m. externa, with a histamine content of 7-18yg./g. contributed 
7-22%, of all histamine of the wall. 


Presence of an unidentified smooth muscle stimulating substance 
(substance P) in extracts of the wall of the digestwe tract. 

When the atropinized ileum preparation was made insensitive to histamine 
by mepyramine, amounts of extract which had previously caused contraction 
became inactive, but if the dose of extract was increased five to tenfold, some 
of the extracts again caused contractions which developed more slowly than 

those previously produced. These slow contractions were not due to histamine 
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since the preparation was found to have become insensitive to far greater 
amounts of histamine than those present in the increased amounts of extract 
used for testing (Fig. 2). The experiment of Fig. 2 shows further that the 
substance acting on the preparation insensitive to histamine was destroyed by 
boiling the extract for a few minutes in strong acid solution. In this experiment 
A corresponds to unboiled extract, B to the same extract after having been 
boiled with n-HCl solution for 10 min. Before mepyramine was given, 1 mg. 
treated and untreated extract produced the same contraction which was 
stronger than that produced by 0-1 yg. histamine (not shown in the figure). 
After treatment with mepyramine, even 2g. histamine was ineffective, but 
progressively larger slow contractions resulted from 4, 6 and 10 mg. of untreated 
extract, whereas 10 mg. of the treated extract caused no contraction at all. 


O-2ug. mepyramine 


1 mg.img. 10mg. 10mg. mg..2 mg. 4mg. 6mg. 10 mg. 
AER Hist. B A A A A A 


Fig. 2. Guinea-pig’s ileum in 15 ml. Tyrode solution containing atropine 1 in 75,000,000. Effects 
Of histamine (Hist.) and extracts from m. mucosae of dog’s colon. A, untreated extract; 
B, extract after destruction of substance P by boiling in strong acid. The mg. refer to fresh 


weight of m. mucosae. eS en (For 
details see text.) 


The activity of the extracts on the histamine-insensitive preparation was 
probably due to the presence of the substance which Euler & Gaddum (1931) 
and Gaddum & Schild (1934) found in extracts of intestinal wall, and named 
substance P. The slowness of the contraction, its resistance to atropine and 
mepyramine resemble the contraction produced by substance P. In addition, 
like substance P, the contraction in response to the extracts became suc- 
cessively smaller when the same doses were given at intervals of less than 5 min. 
Further, the active principle of our extract was destroyed, like substance P, 
by boiling in strong acid or in alkaline solution. In addition, the active extracts 
cause a slowly developing contraction of the atropinized rabbit’s ileum, and 
a fall of arterial blood-pressure in the atropinized rabbit. In one experiment, 
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a potent extract was compared with the effects of a sample of substance P 
obtained from von Kuler. 1 mg. of this sample had approximately the same 
activity as the extract from 9 mg. of tissue, both on the intestine and on the 
blood pressure. Although these preliminary tests do not entitle us to state 
definitely that the substance of our extract is identical with substance P, 
we shall refer to it as such in the following paragraphs. 

As seen from the graded responses obtained with different amounts of 
extract on the histamine-insensitive ileum preparation of the guinea-pig 
(Fig. 2), it is possible roughly to compare and assay the activity of different 
extracts. The comparison is sometimes rendered difficult on account of the 
presence of an inhibitory substance in the extracts. Similar inhibitory effects 
have been observed by Gaddum & Schild and could be attributed to the 
presence of adenosine compounds. ee | 

Distribution. There was little or no substance P in the extracts from the 
layers of the wall of the oesophagus, but there was such activity in extracts 
of the mucosa of the stomach; none was detectable in the extracts of its 
submucosa or m. externa. see 


4, Substance P sctivity of extracts of the wall of the intestine 


Substance P activity of individual layers expressed as percentage 
of most active extract 
Expt. 1 Expt. 3. 
Area in ‘ A | 
Fig. 1 GM. MM. — SM. ME. GM. MM. SM. ME. 
6 61 61 24 8. 85 100 56 23 
7 61 55 30 8 100 67 59 20 
8 42 SB 63% 8 55 67 63 23 
9 — — — — 20 20 18 5 
10 29 (45 30 8 30 48 55 18 
ll 45 50 10 ll 
13 36 33 21 6 20 67 40 17 
14 30 39 30 G25 @. 50 32 20 
15 n.d. 100 24 6 25 mR = Bore 


GM. =glandularis mucosae; MM. = muscularis mucosae; SM. =submucosa; ME. = muscularis 
externa; n.d. =not detectable. 


In the intestine the substance P activity, in many extracts, runs parallel to 
their histamine content. In Expts. 1 and 3 of Fig. 1, the activity of the different 
samples was assayed against each other, and the highest value obtained 
referred to in Table 4 as 100. In Expt. 1, a potent sample was also assayed 
against the sample of substance P prepared by von Euler which was at our 
disposal, and the value 100 corresponded to an activity of 330 mg. sub- 
stance P/g. tissue. It will be seen from Table 4 that the lowest values were 
obtained with extracts of m. externa, the highest with those of mucosa. 
More frequently, extracts of m. mucosae were more active than those of 
12 
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gl. mucosae. The substance P activity of extracts of the submucosa was 


relatively high. The stimulating effect of extracts diminished from duodenum 


to ileum. This may not have been due entirely to changes in substance P 
content but to an increase of an inhibitory substance present in the extracts. 


DISCUSSION 


The question of the function of histamine in the wall of the digestive tract 

is not satisfactorily answered by a study of its distribution alone, but any 
attempt to ascribe a function to that histamine must take into account (1) that 
the mucosa is much richer in histamine than the m. externa, (2) that in the 
- mucosa the histamine is not confined to the glandular tissue, but that as far 
as differentiation between the layers of the mucosa was possible, the m. mucosae 
contained more than the gl. mucosae, and (3) that the submucosa, a tough 
membranous sheath which contains neither — nor muscular tissue, is 
relatively rich in histamine. 

The presence of histamine in the submucosa raises the sepolicts of the 
structural elements as the source of the histamine. This layer contains nerve 
fibres and the nerve cells of the submucous plexus, and is highly vascularized. 
In the dog the mesenteric nerves to the intestine contain large amounts of 
_ histamine, but the values found by Euler (1949) were on the whole lower, and 
certainly not higher than those we found for the submucosa, which consists 
to a small extent only of nervous tissues. So only part of the histamine in the 
submucosa would be accounted for by these structures, or we would have to 


assume that the fine terminal nerve fibres and the cells of the submucous | 


plexus have a much higher histamine content than the mesenteric nerves 
themselves. If the nervous elements of the submucous plexus were the source 
of the histamine in the submucosa, it would be expected that the site of the 
myenteric plexus would also be characterized by a high histamine concentra- 
tion. This is not so. The plexus is situated between the two layers of the 
m, externa, and the nerve cells of the plexus adhere to the longitudinal muscle 
layer when stripped off. This layer, however, was found to contain not more, 
but slightly less, histamine than the ¢ircular muscle layer. There is also 
insufficient evidence to conclude that the histamine in the submucosa is 
derived from its vessels. We have knowledge about the histamine content of 
the large vessels only, and in their walls it occurs in amounts which are at 
most a few yug./g. tissue (Schild, 1939; Schmitterléw, 1948). 

Previous speculations as to the functions of histamine in the mucosa have 
been focussed on that of the stomach, but without taking into account the 
presence of an equally high histamine concentration in the intestinal mucosa. 
It has been suggested (Babkin, 1938; MacIntosh, 1938; Emmelin & Kahlson, 
1944) that the liberation of histamine is an integral link in the excitation of 
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the oxyntic cells, and that the released histamine appears then in the gastric 


juice. A strong case can be made out for such an assumption, but there are 

a few facts which suggest that this function would not account for all the 
histamine present in the gastric mucosa. The pyloric region contains no oxyntic 
cells, yet its mucosa is not free of histamine. True, the histamine is reduced to 
about half that of the fundic mucosa, but even this reduced value represents 
a high histamine content. It is interesting to note that enteramin has 
a distribution similar to that of histamine in the mucosa of the stomach 
(Erspamer, 1940). Furthermore, we find that in the intestine the high 
histamine content of the mucosa is not confined to gland cells; it is even 


_ greater in the m. mucosae. A similar situation therefore cannot be excluded 


for the mucosa of the stomach. 

In the intestinal mucosa we encounter the same difficulty in assessing the 
function of its histamine as in the gastric mucosa. Histamine stimulates 
secretion of succus entericus (Koskowski, 1926) just as it does secretion of 
gastric juice, and it may therefore be a physiological stimulus for intestinal 
secretion. On the other hand, its role may concern motility of the m. mucosae. 
Or again, it may play a part in local vascular reactions in response to stimuli 
comparable in some respects to the role of histamine in the human skin. 
Perhaps it functions in all three ways. 

The histamine of the wall of the digestive tract is not confined to the 
mucosa, but its concentration in the m, externa is 3-25 times lower than that 
in the muscle layer of the mucosa, the m. mucosae. It is remarkable that the 
two layers of smooth muscle in the intestinal wall should differ so greatly in 
this respect. If motility of ‘smooth muscle in the wall of the digestive tract 
depends even in part on the histamine content, than a relatively greater state 
of muscular activity should be readily demonstrable in the m. mucosae than 
in the m, externa. There have been several attempts in the past to find, in the 
intestinal wall, gradients either in sensitivity to smooth muscle stimulating 
substances or in the concentration of such substances in the wall, in order to 
explain the unidirectional action of peristalsis. Our results show that such 
a gradient clearly exists for the histamine content of the wall which diminishes 
from duodenum to ileum. But the gradient is not peculiar to the m. externa 
but is shared by all layers except the m. mucosae. It is therefore not possible 
without additional evidence to associate this gradient with the unidirectional 
nature of peristalsis. 

We do not know for certain whether the stimulating effect of our extracts 
on the atropinized guinea-pig’s ileum, rendered insensitive to histamine by 
mepyramine, was due to the presence of the same principle which Kuler & 
Gaddum (1931), and Gaddum & Schild (1934) found in extracts of the horse 
intestine, and named substance P. This is very likely, but the possibility must 


be kept in mind that we were dealing with more than one smooth _— 
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stimulating substance. In the intestinal wall of the horse most of the sub- 
stance P was found in the muscle layer and not, as in the dog’s intestine, in 
the mucosa. Here the activity was maximal in extracts from m. mucosae. 
The active substance of our extracts cannot have been enteramin because of 
its strong stimulating effects on the atropinized guinea-pig’s and rabbit’s gut. 
Nevertheless, our extracts probably contained enteramin, which may have 
augmented the action of substance P and so influenced the quantitative aspect 
of our results. If, as suggested by Euler, substance P is responsible for the 
spontaneous rhythmic movements of the intestine which are not abolished by 
either atropine or mepyramine, its distribution may be related to the degree 
of this activity in different species and in the different layers of the intestinal 
wall. In that case the m. mucosa of the dog should exhibit a high degree of 
spontaneous activity. Apart from the movements of the villi such activity 
has been described for the large masses of the m. mucosae of the dog’s small 
intestine by King & Church (1923), and by King & Robinson (1944). In man 
the muscle is thought to be responsible for a great deal of the intestinal 
motility. The fact that this layer contains two very active smooth muscle- 
stimulating substances in high concentration, shows that from the auto- 
pharmacological point of view this layer, at least in dogs, is endowed with the 
requirements for such high activity. 

Histamine and substance P are not the only smooth muscle-stimulating 
substances found in the wall of the digestive tract. We have already referred 
to enteramin, but the wall of the digestive tract contains, in addition, choline 
and acetylcholine which have been extracted from the m. externa and from 
the mucosa. According to Abderhalden & Paffrath (1925) the mucosa is the 
main source for the choline of the intestinal wall. No systematic survey has 
been made of the distribution of acetylcholine in the different layers of the 
intestinal wall. But the distribution of the enzyme for synthesis of acetyl- 
choline, the choline acetylase, is known (Feldberg & Lin, 1950); it probably 
runs parallel to the acetylcholine content. In some respects the distribution 
of the choline acetylase resembles that of histamine and substance P. There 
is more in the mucosa than in the m. externa; in the duodenum it accounts 
for 70%, in the ileum, 60%. On the other hand, there is this difference, the 
concentration of choline acetylase is higher in the gl. mucosae than in the 
m. mucosae, and there is none in the submucosa. 

A great deal is known about the specific secretory, absorptive and motor 
activities of the different hormones found in the gastric and intestinal mucosa ; 
but this is not so with these other more generally distributed and highly active 
substances, histamine, substance P, enteramin, choline and acetylcholine. 
Yet until their activities are more clearly established, we cannot identify any 
of them for certain as the physiological stimuli for any of the diverse functions 
of the wall of the digestive tract. : 
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SUMMARY 


1. The histamine equivalents of the different sections and layers of the wall 
of the dog's digestive tract were determined in extracts prepared by grinding 
_ the tissue in acid and boiling the mixture. The extract was assayed after 
neutralization on the atropinized guinea-pig’s ileum with the following results. 

(a) The wall of the oesophagus contains relatively little histamine. 

(6) The fundus and the corpus of the stomach wall contain considerable 
amounts of histamine, and about twice as much as the pyloric region. 

(c) The wall of the intestine contains large amounts of histamine; the 
values are highest in duodenum and decrease gradually and continuously | 
down to the rectum. | 

(d) In all regions the greater part of the histamine comes from the mucosa. 
The submucosa contains relatively high histamine values; those of the muscu- 
laris externa are lower than that of any other layer. 

(e) In those parts of the digestive tract where it is possible to separate the 
mucosa into two layers, glandularis mucosae and muscularis mucosae, most 
of the histamine is usually found in the latter. 

(f) In the intestinal wall the m. mucosae, alone of all layers, retains a con- 
sistently high content of histamine from duodenum to rectum. All other layers 
contain progressively less as the caudal end of the intestine is approached. 

2. In addition to histamine a smooth muscle-stimulating substance, 
resembling substance P of Euler & Gaddum, was found in the extracts of 
the wall of the digestive tract. They caused a contraction of the atropinized 
guinea-pig’s intestine, made insensitive to histamine by mepyramine, and 
a fall of arterial blood-pressure in the atropinized rabbit. There was little 
substange P activity in extracts of oesophagus, some in extracts of stomach, 
and much in extracts of small and large intestine. In the intestine it occurred 
mainly in the mucosa, particularly in the m. mucosae. 
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SOME ELECTROPHYSIOLOGICAL OBSERVATIONS ON 
ISOLATED SINGLE MYELINATED NERVE FIBRES 
(SALTATORY CONDUCTION) 
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The ‘saltatory’ conduction theory for the myelinated fierve fibre assumes that 
the axis cylinder is surrounded by a membrane which is active only at the 
nodes of Ranvier and elsewhere insulated from the external conductor by the — 
myelin sheath. Thus the local electrical circuit during activity would be: 
membrane at an active node—axis cylinder—neighbouring node—external 
conductor—first-mentioned node. The current produced by the activity of a 
node would excite a second neighbouring node, the current produced by this 
would excite the following and so on. Thus the internodium would act as a 
passive longitudinal resistance. The internodium does not participate ‘actively’ 
in the impulse conduction, but the ‘activity’ jumps from node to node (Lillie, 
1925; Tasaki, 1939a, c, 1940; Tasaki & Takeuchi, 1942; Huxley & Stampfli, 

Recently, strong evidence in support of the saltatory conduction theory has 
been presented. Tasaki (1939a, b, c; 1940) has clearly shown that the myelin 
sheath constitutes a good electrical insulator. The threshold voltage for 
stimulating the nerve fibre is very high if the current must pass through the 
myelin, compared to the threshold voltage when the current can pass two 
nodes. Some current does, however, pass through the myelin when a con- 
ditioning voltage is applied to a fibre so that the current must pass the myelin 
and one node. This current is detected by testing the threshold of the node 
concerned by a test stimulus. Thus it can safely be stated that the myelin is a 
good insulator even if it is not a perfect one. 

The resistance of the myelin does not change during impulse conduction. 
Thus Tasaki & Takeuchi (1942) and Tasaki & Mizuguchi (1948) have found that 
the current passing through the myelin sheath is very small compared with the 
current passing through the longitudinal membrane at the nodes. Huxley & 
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Stampfli (1949) have made a further analysis of the current passing through 
the myelin sheath and conclude that it can be fully explained by resistive and 
capacitative leaks through the myelin. The observation that the membrane 
current in the internodium has no inwardly directed phase is further evidence 
in favour of the conclusion that the myelin-covered internodium does not 
‘actively’ participate in impulse conduction. Large membrane currents have 
only been recorded from the nodes, and the nodal current has always a large 
inwardly directed phase. 

The myelin is thus a good insulator, no ‘ ‘active’ membrane current can be 
recorded from the internodium, and the internodium cannot be electrically 
stimulated and is very resistive to the action of drugs. All these findings are in 
good agreement with the saltatory conduction theory. 

A nerve fibre is blocked if the external longitudinal resistance at an inter- 
nodium is increased (Huxley & Stampfli, 1949). The block is reversible when the 
_ resistance between the nodes is lowered. This experiment and experiments of a 

similar type by Tasaki (1939c) are additional evidence in favour of the saltatory 
conduction theory. 

Let us now look for evidence even the theory. Tasaki (Kato, 1936) found 
that local cooling of an internodium blocks a fibre. Autrum & Schneider 
(19504) and Schneider (1950) carried out cold block experiments independently 
of Tasaki. The block was reversible when the fibre did not freeze. Since only 
the internodium was cooled, the finding was judged to be contradictory to the 
saltatory conduction theory. Autrum & Schneider (19506) and Schneider 
(1950) further found that local pressure at an internodium which did not 
_ markedly compress the axis cylinder, produced a reversible block, and that 

two or more cuts in one and the same internodium elicited impulses at every 
cut, provided the length of fibre between the cuts exceeded a minimum of 
0-4-0-7 mm. From this Autrum & Schneider concluded that the internodium 
is excitable in spite of the fact that this part of the fibre is insulated by the 
myelin sheath and thus protected from an electrical stimulus. From the cold 
and pressure block experiments they concluded that the internodium parti- 
cipates actively in the impulse conduction, since there was no reason to assume 
any important rise in internal longitudinal resistance. Moreover, the authors 
did not succeed in blocking the fibre by increasing the external resistance as 
described by Huxley & Stampfli (1949) (see above). Therefore they proposed 
a ‘tunnel hypothesis’ for impulse conduction, which assumes a continuous 
conduction underneath the myelin sheath. 

The present investigation aims to find out where in the fibre the impulse is 
- elicited in the cutting experiment and to find out which part of the fibre is 
blocked when a local pressure is applied to the internodium. The technique of 
recording action — from single myelinated fibres was chosen for the 
experiments. | 
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METHODS 


Isolated single myelinated nerve fibres from the frog (Rana temporaria and R. ridibunda) were used 
for the experiments. | 

The dissection technique was mainly that described by Kato (1934), Tasaki (1989) and by 
Stampfli (1946). | 

The isolated fibre was placed on ridge-insulators (Tasaki & Takeuchi, 1941) in a moist chamber for 
recording the action potentials. In some of the later experiments petroleum jelly was used instead 
of the ridge-insulators in order to obtain a stable recording resistance. The recording resistance 
obtained with petroleum jelly was markedly lower than that obtained with the ridge-insulators. 
Whenever petroleum jelly was used care was taken to keep it away from the nodes. In this condi- 
tion the recorded action potential maintained a constant amplitude for several hours. 

Stimulation and recording. Silver-silver chloride electrodes were used for both stimulation and 
recording. The stimulating electrodes were applied to the proximal end of the nerve trunk. The 
distal electrode was connected to earth, and the proximal one was anode during the pulse. The 
stimulator produced rectangular pulses of a duration of about 0-08 msec., and was synchronized 
with the time base. 

The recording electrodes were connected to the Ringer pools on either side of the recording 
resistance. Cathode followers were used as input stages. 

The cathode followers were connected to the d.c. main amplifier in the air gap experiments. 
An R-C coupled pre-amplifier was used between the cathode followers and the main amplifier in 


the petroleum jelly gap experiments. The frequency response of the amplifier system for different 


input resistances is shown in Fig. 1. 


100 1000 10,000 100,000 

Frequency (cyc./sec.) 

Fig. 1. Frequency response of the amplifier system. 1, main amplifier with 6000. generator 
impedance; 2-5, whole amplifier system: 2, 600 Q. generator; 3, 6-8 MQ. generator, 1 MQ. 
grid leak; 4, 15 MQ. generator, 6-8 MQ. grid leak; 5, 15 MQ. generator, 15 MQ. grid leak. 


A 15 MQ. grid leak was used in air-gap experiments, 6-8 or 22 MQ. in petroleum jelly gap 
experiments. 

The isolated fibre was cut with a dissecting needle in the cutting experiments, and compressed 
with piece of soft plastic mounted to a micromanipulator in the pressure-block experiments. 


RESULTS 
The recording resistance (15 MQ. grid leak and fluid shunt in parallel) was in 
the order of 10 MQ. inthe air-gap experiments. In the petroleum jelly-gap 
experiments the recording resistance was always kept below 1 MQ. Fig. 2 
shows typical action potentials as recorded with an air gap and with a petro- 
leum jelly gap. The rounded shape of the air-gap potential is explained by the 
difference in frequency response in the two experiments (Fig. 1). In spite of 
this distortion it was found convenient to use the air-gap method in some 
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experiments. The distortion does not affect the conclusions drawn in this 


Block by electrical insulation 


It has been shown by Huxley & Stampfli (1949) that a single noes is blocked 


when the external resistance between two 
nodes is sufficiently high. The block is rever- 
sible when the external resistance between 
the nodes is decreased to a critical level. In 
the present investigation this finding was 
repeatedly verified. S\/\S 


Experiments of a similar type were carried Fig. 2. Action potentials recorded with 
out while recording the action potential. The  ® sir gap (left) and with a petroleum 
isolated fibre was adjusted upon the ridge 
insulators (Fig. 3). The part of fibre between the insulators was kept free in dry 
air. Some minutes after the visible fluid had been cleaned away from the 


Fig. 3 Fig. 4 
Fig. 3. Schematic figure of stimulation and recording. The shaded parts indicate the air gaps. 
The numbers indicate nodes of Ranvier. 


Fig. 4. Reversible block; a, before block; b, after some minutes in dry air; c, air gap shunted 
with an ohmic resistance; d, shunt removed. Time, 1000 cyc./sec. 


part between the insulators the action potential, which had been diphasic 
(Fig. 4a), became monophasic (Fig. 4b). After this had happened the grid 
leak (15 MQ.) was shunted with different ohmic resistances (0-2-20 MQ.). 
a was regularly observed that the diphasic action potential reappeared 
(Fig. 4c). 

If the shunt was removed the potential again became monophasic. After 
some 5-10 min. the block became irreversible. The fibre was, as a.rule, stiff 
when, or just after, the block had become irreversible. 
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Cutting experiments 
In Schneider’s experiments (see introduction) some points are obscure. 
Which part of the fibre is excited and which part is blocked by a cut in the 
internodium? And where does the block occur when local pressure is applied to 
the internodium? In order.to answer these questions similar experiments were 
carried out, but this time the action potentials were recorded. _— | 


Fig. 5. Stimulation and recording in cutting experiments. 


The fibre was isolated and placed on ridge insulators (air gap) in a moist 
chamber (Fig. 5), and a diphasic action potential was recorded (Fig. 6). The 


fibre was cut at internodium 5-7 and then 
successively nearer and nearer therecording a e 


site. After each cut the nerve was excited __ : 
by the rectangular pulse stimulus and the , )\ gee Re 
action potential recorded. The cut after _ : 
which a monophasic instead of a diphasic — \ | | | 
action potential appeared was noted. It 
was regularly observed that the action d } \ hall 
potential was monophasic after a cut at : 
node 3 or just closer to the recording point. A 
Thus there is a minimal length of somewhat Fig. 6. Cutting experiment. a, fibre intact; 
more than one and a half internodium % after » cut between nodes 4 and 5, 
end and the recording electrodes. close to 8; ¢, out at node 3; f, I min. - 
The whole fibre, except for the recording after ¢; g, 45 min. after ¢; h, cut be- 
gap, was kept in Ringer’s solution. Thus ‘ween nodes I and 2, close to 2. Time, 
the fibre had a low external resistance and °¥*-/*ee- 
more or less normal internal resistance. If, however, a part of the internodium 
1-2 (Fig. 7) was arranged in an air gap so that the external and internal 
resistances were increased, then the action potential was still diphasic after 
a cut of internodium 1-2 in.the air gap about 0-7 mm, from node 1, about 
0-5 mm. of fibre between the cut and node 1 being still in dry air. Thus the 
length of inactive fibre was markedly shorter in this case. 
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Pressure block 
Possible explanations of the mechanism of a block caused by a local pressure 
on an internodium are: (1) that an excitable structure in the internodium is 
reversibly damaged, (2) that the longitudinal resistance of the axis cylinder is 


increased about 5 times, (3) that the resistance of the myelin sheath is decreased 
and the fibre is depolarized for some length. 


Fig. 7. Cutting experiment with an air gap between nodes | and 2. 


Fig. 8. Pressure-block experiment. A short stretch of the internodium 1-2 was pressed upon. 
The point compressed, indicated by an arrow, was closer to node | than to node 2. 


What do we expect to find in the action potential recorded close to the 
pressure point (Fig. 8)? If either explanation (1) or (2) is correct the action 
potential would be diphasic; if explanation (3) is the right one we would expect 
to see a monophasic action potential the moment the fibre is blocked. 

The experiment was performed. In order to indicate a block, the action 
potential distal to the pressure point was also recorded. It was noted that the 
action potential recorded proximal to the pressure point became monophasic at 
the moment when the fibre was blocked. When the pressure was released the 
proximal action potential became diphasic at the moment when conduction 
returned. 

DISCUSSION 

The experiments in which the fibre was reversibly blocked by electrical insula- 
tion and drying of an internodium are compatible with the saltatory conduction 
theory as was held by Huxley & Stampfli (1949). When there is a high external 
resistance the current resulting from an active node is too small to excite the 
next node; when, however, the external resistance is reduced by means of a 
resistor this current again becomes sufficient for excitation and conduction can 

The experiments in which the action potentials were recorded during such a 
block need some additional comments. The longitudinal internal resistance of 
the axis cylinder is normally higher than 17 MQ. This value ‘is calculated 


4 Fig. 7 Fig. 8 
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assuming an axis cylinder diameter of 10. (in the experiment, outside 
diameter was 10-12,.), an internodal length of 1-5 mm. (in the experiment, 
and the specific resistance of axoplasm to be 90 Q.cm., which is 
the specific resistance of Ringer’s solution. The external resistance during block 
consisted of the grid leak of 15 MQ. in parallel with the resistance of the fluid 
remaining outside the fibre; the latter was estimated to be between 10 and 
30 MQ. The safety factor of a nerve fibre is about 4-5 (Tasaki, 1940). An 
increase in external resistance from zero to 6-10 MQ. will evidently not decrease 
by 45 times the current flowing in a circuit in which the internal resistance 
is greater than 17 MQ. If, however, the axis cylinder too has an increased 
longitudinal resistance, or the myelin sheath an increased leak, or if the nodal 
activity is modified so that the action current is only just greater than threshold, 
then an increase of some megohms in the external conductor could and did 
reduce the action current from threshold to subthreshold for the node next to 
the insulators. 
The experiment is compatible with the saltatory conduction theory. The 
finding that the fibre was stiff immediately or soon after it was blocked irre- 
versibly seems to us to be incompatible with any tunnel hypothesis, since it is 
most unlikely that a membrane which has undergone such an extensive 
damage by dehydration still could function as a physiological membrane. __ 
We found that the action potential was monophasic when the recording site 
was closer than 3-4 mm. to the point at which the fibre was cut, and there was 
fluid around the fibre. A corresponding value calculated from the longitudinal 
decrement of the demarcation potential and the ‘critical excitability level’ of 
polarization, both measured on nerve trunk, is 3-4 mm. (Lorente de N6, 1947). 
This shows a fair correspondence between a direct measurement on a single 
fibre and an indirect measurement on a whole nerve trunk. 
The experiment with an air gap distal to the recording site shows that the 
fibre close to a cut can still conduct an impulse when the spread of the depolari- 
zation is limited by an increase of the external resistance. 
The explanation of Schneider’s finding (see above) is that the second cut 
could not excite any excitable structure either in the cut internodium or in the 
neighbouring node, whereas the second or, more likely the third node was 
excited. The effective stimulus is evidently the sudden increase of demarcation 
current through this node. The experiments are in agreement with the saltatory 
conduction theory. 
In the pressure-block experiment it was shown that node 1 became inactive — 
at the same moment as the fibre was blocked. This is incompatible with the 
view that the block is due to an increase in the internal longitudinal resistance. 
Nor is the finding compatible with any tunnel hypothesis in which a local 
pressure is held to block the excitable structure at the locus of the pressure 
point only. The experiment is in full agreement with the saltatory conduction 
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theory. The pressure in the internodium results in a reversible leak in the 
myelin sheath and in a hypothetical membrane which is normally insulated by 
the myelin and thus causes the fibre to be depolarized to such an extent that 
the node closest to the pressure point cannot conduct an impulse. 

It is concluded that all the experiments fully agree with the saltatory con- 
duction theory and there seems no reason to believe in any “tunnel hypothesis’. 
The mechanism for the local cold block remains obscure. Before anything is 
known about this mechanism it seems to the authors unjustifiable to base any 
‘tunnel the cold block. 


SUMMARY 
1. The action potentials from single myelinated nerve fibres were recorded. 
2. A cut inactivates 3-4 mm. of fibre when the fibre is immersed in Ringer’s 
solution. 
3. A node close to a cut is still active if the external resistance is high. 
4, Local pressure at.an internodium causes a block of the neighbouring node. 
5. The findings are in agreement with the saltatory conduction theory. 


The experiments have been supported by ‘a grant to the laboratory from the Rockefeller 
Foundation and by a personal grant (B. 
ee 8.) from the Swedish Institute. : 
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_ THE GASTRIC RESPONSE TO PECTIN MEALS | 
"OF HIGH OSMOTIC PRESSURE 


By J. N. HUNT, I. MACDONALD anp W. R. SPURRELL 
From the Department of Physiology, Guy’s Hospital, London, S.E. 1 
(Received 15 May 1951) 


_ Raising the osmotic pressure of a gruel test meal by the addition of glucose, 
sucrose or sodium chloride will delay gastric emptying and reduce the acidity 
of the gastric contents. The reduction in the acidity of the gastric contents 
might be caused by one or more of the following: (1) a reduction in the amount 
of gastric juice secreted, (2) a reduction inthe acidity of the gastric juice 
secreted, and (3) a reduction in the rate of emptying resulting in a larger volume 
of the meal remaining in the stomach to dilute the gastric juice secreted. There 
is experimental evidence that both secretion and emptying are inhibited, but 
the separate contributions of these two factors cannot be assessed without 
simultaneous data as to the volume of the meal remaining in the stomach and 
the quantity and composition of juice secreted from moment to moment. A view 
commonly held is that of Apperly (1926), who suggested ‘that the stomach 
retains its contents until a suitable osmotic pressure, roughly isotonic with 
blood, is reached’, | 

By giving a standard meal containing a dye on successive days, and with- 
drawing it after progressively longer periods and synthesizing the data so 
obtained, it has been found possible to measure gastric emptying and secretion 
(Hunt & Spurrell, 1951; Hunt 1951). This Serial Test-meal makes it possible to 
_ follow the progress of gastric emptying and secretion and to determine the 
effect produced by varying the osmotic pressure of the meals. If, in addition, 
the osmotic pressure of the gastric contents be followed during the progress of 
a meal, it is possible to test the Apperly hypothesis in detail. This paper records 
the results of such an experimental analysis of the ‘osmotic effect’ of sucrose. 


EXPERIMENTAL PROCEDURE 


_ The subjects, medical students or staff; came to the laboratory between 7.30 and 8 a.m. having 
fasted since the previous evening. After the stomach had been washed out they were given either 
750 ml. of a standard pectin meal containing no sugar, or 750 ml. containing 200g. sucrose/l. 
The depression of freezing-point of the control meal was 0-05° C., that of the meal containing sugar 
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1-3° C, The meal without sugar emptied rather quickly, so that withdrawals after 45 min. were not 
practicable. The meal containing sucrose emptied much more slowly so that the volume of gastric 
contents was at least 300 ml. after 60 min. However, it appeared pointless to continue after this 
time since nocomparative data about theresponse to the control meal could be obtained after 45 min. 
In two of the subjects (J. N. H. and W. R. 8.) the original pectin meal with 35 g. sucrose/l. was used 
aa the control and the responses to the meals were followed for 2 hr. In the records the data from 
these two subjects are marked with an asterisk. 

To follow the changes in the osmotic pressure of the gastric contents the depression of the 


RESULTS 


The emptying of the meal was slowed by the sucrose but maintained an 
exponential form: Fig. 1 shows the comparison between the emptying of the 


1000 


Tee, eee 40 60 80 100 120 
Fig. 1. The influence of sucrose on the emptying of the pectin test meal. Subject J. N. H. Ordinate: 


volume of meal remaining (ml.) (logarithmic scale): Abscissa: time (min.). O, 200g. 
Sucrose/l.; @, 35g. sucrose/l. 


meals for subject J. N.H. Table 1 gives the number of control and test with- 
drawals made on each subject and the calculated‘ half-lives’ for the emptying of 
the control meals and of those with added sucrose. In all, seventy-six with- 
drawels were made in ten subjects, every one of whom showed an increase in 

-life’ with the meal containing sugar, thei Increase varymg from wrenad to 
seventeen-fold. 

Table 2 shows the calculated ‘starting indices’ for the two types of meal. It 
may be seen that with two exceptions the sugar produced a negative deviation 
of the ‘starting index’. Positive ‘starting indices’ indicate that the rate of 
emptying is initially less than the ultimate exponential rate; negative ‘starting 


indices’ indicate that the initial rete of emptying is greater than the final 3 


exponential rate. 


~ 
~ 
q 
| | 
‘ 
| 
| 
| 
| 
> 
2 
if 
od 
ia 
i 
RS 


OSMOTIC EFFECTS ON GASTRIC FUNCTION _181 


TaBie 1. The ‘half-lives’ of the emptying process of the stomach with meals containing 
no sucrose and those containing 200 g./l. 


No sucrose 200 g. sucrose/l. 


No..of control ‘Half-life’ ‘No.of test “Halfilife’ 


Subject withdrawals (min.) —withdrawals —(min.) 
AB. 3 6 4 103 
R.W.E. 3 4l 3 134 
ASB. 3 18 3 105 
P.B.L. 3 9 3 97 
M.W.P. 3 4 3 50 
S.M. 4 8 4 105 
B.K.O. 4 26 4 69 
C.F.AY. 3 4 68 

*J.N.H. 5 18 6 40 

*W.R.S. 5 12 6 44 

Total 36 40 


* Control meals contained 35 g. sucrose/l. 
TABLE 2. ‘Starting indices’ of the emptying of the stomach with meals containing 
3 no sucrose and those containing 200 g./l. 
‘Starting indices’ (min.) 
No sucrose 200 g. Differences 


Subject B-A 
A.B. +14 -13 ~27 
R.W.E. — 25 — 36 -Ill 
A.J.B. 4 -61 -57 
P.R.L. +11 — 22 
 MLW.P. +17 +2 -15 
S.M. + $ - 2 
B.K.O. - 8 + 6 +14 
C.F.A.Y. + 7 - 4 -ll 
*J.N.H. + 2 + 8 + 6 
*W.RB.S. - 3 ~ 7 


The measurements of secretory activity showed that secretion of the parietal 
component of gastric juice was reduced when the meal contained sucrose. The 
rate at which this reduction in secretory activity occurred was not uniform, so 
it was considered advisable to examine the data in separate periods, 0-15 and 
15-30 min. respectively. Table 3 gives for each subject his mean volume of 
parietal secretion in these two periods; these means were read off individual 
graphs made from each subject’s secretory data. In like fashion the mean 
amounts of non-parietal component and pepsin secreted are recorded in 
Tables 4 and 5, Where any doubt could arise as to the statistical significance of 
the change produced by the sucrose, ‘Student’s’ ‘t’ test (Yule & Kendall, 1947) 

test secretion 
control secretion’ 
weight to halving and doubling a response. The relevant values of ‘t’ and ‘P’ 
are recorded at the foot of the tables. 

From Table 3 it may be calculated that the mean volume of parietal compo- 
nent secreted by the group was 25% less for the meal containing sugar — 

PH. OXV. 


a procedure which gives equal 


was applied to the ratio: log 
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TaBLe 3. The volume of parietal component formed in response to meals containing 


no sucrose and those containing 200 g. /l. 


0-15 min. 15-80 min. 
No sucrose 200 gh. No sucrose 200 g./l. 
Subject A Log B/A Cc D Log D/C 
A.B. 65 52 -01 34 13. —0-42 
R.W.E. 29 29 0 39 39. 0 
- ASB. 32 28 - 0-06 46 i4 -0-51 
P.R.L. 76 70 — 0-05 88 28 -0-51 
M.W.P. 32 —@0-21 76 16 0-68 
8.M. 28 18 —0-20 50 12 — 0-62 
B.K.O. 21 24 +0-06 22 13 — 0-23 
C.F.A.Y. 13 8 -0-21 5. +0-04 
*J.N.H. 18 13 -0-14 29 20 —0-16 
*W.R.S. 72 25 0-46 63 22 0-46 
t=3-0, P<0-02. | 


Tasiz 4. The volume of non-parietal component formed in response to meals containing 


no sucrose and those containing 200 g./l. 


0-15 min. 15-30 min. 
“No sucrose 200 No sucrose 200 
Subject A Log B/A C Log D/C 
A.B. 24 18 O12 32 5 0-80 
R.W.E. 23 22 -0-01 24 ll - 0-34 
A.J.B. 28 16 —0-24 12 10 - 0-08 
P.R.L. 12 13 +0-04 3 8 +0-43 
M.W.P. 16 17 + 0-04 20° 34 +0-23 
§.M. 24 20 - 0-08 19 10 -0-31 
B.K.O. 28 18 0-20 16 3 - 0-70 
C.F.A.Y. 28 30 +0-04 23 ll - 0-30 © 
*J.N.H. 16 14 0-06 16 - 0-10 
*W.R.S. 11 6 — 0-27 6 2 - 0-50 
t=2:3, P<0-05. 
TaBLE 5. The pepsin output in response to meals containing no sucrose 
and those containing 200 g./I. 
_ 0-15 min. 15-30 min. 


N 200 g./l. BIA ON 200 g./l. DIC 


Subject. (x 1000 units) ( x 1000 units) 
A.B. 12-7 15-0 +0-08 
R.W.E. 6-6 7-0 +0-04 
A.J.B. 5-0 3-2 -0-19 
P.R.L. 9-5 11-0 +0-08 
M.W.P. 7-5 9-5 +011 
3-0 1-2 -0-40 
B.K.0. 3-5 3-0 — 0-07 
C.F.A.Y. 3-0 3-2 0-03 

*J.N.H. 1-2 0-9 -0-13 

*W.R.S. 8-2 46 — 0-25 

t=1-1, P=03. 


the control meal in the period 0-15 min. and 65% less during the period 
15-30 min. Table 4 shows that the meal containing sugar gave rise to about 
16% less non-parietal component than the control meal during the period 


( x 1000 units) (x 1000 units) 


4 
4 
4 
| 4 11-6 1-0 — 1-05 
6-9 6-0 — 0-06 
3-9 2-0 — 0-29 
5-5 2-0 — 0-44 
| 4 11-5 3-0 — 0-58 
3 1-5 1-8 +0-08 
2-0 15 —0-12 
| 1-0 10 0 
q 1-0 1-0 
| 4 73 2-1 — 0-53 
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0-15 min., and about 37% less non-parietal secretion than the control duri 
the period 15-30 min. The data of Table 4 are the least reliable of all the secre- 
tory measurements, since the absolute magnitude of the secretion was often 
small and a little contamination by swallowed saliva or duodenal regurgitation 
could result in a relatively large error in the calculated amount of non-parietal 
secretion. From Table 5 it may be seen that the mean output of pepsin by the 
group was reduced by only 3% during the period 0-15 min. by the addition of 
sucrose to the test meal, but during the period 15-30 min. it was reduced by 
about 60%. | 


Parietal Non-parietal Pepsin TRS 
150 30 
0 0 


10 


0 30 6 % 120 0 3 6 % 120 0 30 60 9 120 
Fig. 2. Cumulative amounts secreted by W. R.S. and J. N. H. Ordinates: volume of parietal and 
non-parietal components (ml.); amount of pepsin (x 1000 units). Abscissa: time (min.). 

@, 35 g. sucrose/l.; O, 200 g. sucrose/l. 3 


Fig. 2 shows the cumulative amounts of each component secreted in response 
to the test meal containing 35 g. sucrose/]. and 200 g. sucrose/l. by W. R. 8. and 
J. N. H. plotted against time. It may be seen that both subjects showed 
throughout a reduction in the secretion of parietal component with the meal 
containing 200 g. sucrose/l. This reduction persisted up to 120 min. and at that 
time the total parietal secretion was less than 70% of the amount secreted in 
the 60 min. of the control meal. W. R. 8. showed a steady acceleration in the 
output of pepsin after the initial depression with the meal containing 200g. 
sucrose/l. J. N. H. showed a similar but unconvincing trend in the same 
direction. However, the cumulative secretion of pepsin by both subjects at the 
end of 120 min. with the meal containing 200 g. sucrose/]. was equal to that 
accumulated at 60 min. with the meal containing 35 g./l. There was a slight 
initial depression of the secretion of the non-parietal component, but both 


subjects secreted more non-parietal, component in 120 min. with the meal 
13—2 
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35 g. sucrose/l. 
- Fig. 3 shows the respective concentrations of the constituents of gastric 


secretion in the gastric contents for the two meals, 35 and 200 g. sucrose/l. In 
subject W. R. 8. the concentration of acid at 60 min. was 55 m.equiv./l. in the | 


first meal and 18 m.equiv./l. in the second. The amount of acid secreted was 


W.R:S. 
120 @ Pepsin 
Oo 0 Chloride 
100- 100r- + + Acid 
80 a 80 b 
40+ 
— 
1 


15 30 45 60 75 90 105 120, 
NH. 


T T | 
15 30 45 60 6&6 @ W 105 120 

Fig. 3. Concentration of acid, chloride and pepsin in the gastric contents of W. R. 8. and J. N. H. 


Ordinates: concentration of acid and chloride (m.equiv./l.); concentration of pepsin (units/ml.). 
Abscissa: time (min.). a, 35 g. sucrose/l.; 6, 200 g. sucrose/I. ; 


dilute the retained secretion was increased from 20 to 300 ml. Thus a fifteen-fold 
increase in the volume of meal remaining in the stomach did not lead to com- 
mensurate reduction in the concentration of acid in the gastric contents, thereby 
indicating that changes in emptying play a small part in altering the acidity of 
the gastric contents. In subject J. N. H. the reduction in the acidity of the 
gastric contents at 60 min. was from 38 to 9 m.equiv./l., the secretion of acid 
was reduced from 115 to 50 ml. and the volume of meal remaining in the 
stomach to dilute the retained secretion was increased from 80 to 280 ml. These 
data show the interplay between secretory activity and rate of emptying in 
deciding the concentration of the constituents of gastric secretion in the 
gastric contents. 
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Fig. 4 records the changes in the depression of freezing-point of the gastric 
contents following a series of fractional gruel test meals containing varying 
amounts of sucrose. It will be seen that there is a progressive change towards 
a steady value of the order of A=0-3°. With meals of low osmotic pressure 
there is @ rise towards the same value, whereas meals with an initial value of 
A =0:3° show very little change. With the pectin meal the fall in A was from 
1-3° to about 0-8° C. in 2 hours. | 

08 | 


J 
1 2 


Fig. 4. the of the gastric. contente’ with grusl. teat meals containing 
sucrose, Ordinate: depression of freezing-point (° C.). Abscissa: time (hr.). Hyperosmotic, 
A =0-6-0-8° C.; - -, A=0-3° C.; Hypo-osmotic, A <0-2° C. 
DISCUSSION | 
The hypothesis enunciated by Apperly (1926), and still exerting an influence on 
current writing (Wells & Welbourn, 1951; Wollaeger, 1950; Jones, 1951), 
suggested that a meal of raised osmotic pressure exerted some restraining 
influence which led to the retention of the gastric contents until by dilution they 


_ reached a suitable osmotic pressure, roughly isosmotic with plasma. The experi- 


ments described in this paper show that retention is not complete when 
A=1-3° and that, although there is a progressive reduction of the osmotic 
pressure of the gastric contents, the achievement of a particular value is not 
the necessary precursor of gastric emptying, nor is the final value achieved one 
which is necessarily isosmotic with plasma. oe 
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The data obtained by the Serial method show that although emptying is 
slowed the stomach does not retain a hyperosmotic meal. On the contrary, the 
rate of flow of the meal into the duodenum is greatest shortly after the meal 
enters the stomach and becomes progressively less as the volume of the meal in 
the stomach falls. Thus the osmotic threat to the duodenum, reckoned as rate of 
entry of sugar, or concentration of sugar entering the duodenum, is maximal at 
the beginning of the digestive period, i.e. when the emptying process is most 
vigorous. Thus there is no evidence that the stomach protects the duodenum 
by first diluting these hyperosmotic pectin meals and then allowing them to 
flow into the duodenum. 

It would still be possible to justify the ise of the word ' retain’ if it could be 
shown that the onset-of emptying was delayed, but in fact our ‘starting index’ 
was given a negative deviation in eight subjects out of ten by the sugar, which 
is incompatible with significant delay in initiating the emptying of the meal. 

Apperly’s hypothesis would be justified in part if it could be shown that there 
was a great outpouring of fluid by the stomach in the initial digestive period. 
Such an outpouring would lead to an increase in the volume of the gastric 
contents; this, however, was not found in our experiments. Indeed, to judge 
from the amounts of acid and chloride secreted, the hyperosmotic meal calls 
forth less fluid than the control meal. If the stomach were in fact to retain a meal 
of 750 ml. with a depression of freezing-point of 1-3° C. until this was reduced to 
0-6° ¢. by the addition of normal gastric juice (assumed minimal depression of 
freezing-point 0-4° C.) the final volume in the stomach would approach 41. 
which would be beyond the tolerance of most persons. : 

From Fig. 4 it may be seen that the gastric contents do sel to have 
a constant depression of freezing-point at the end of the digestive period with 
a value of about 0-3° C. for gruel test meals containing sucrose, which is roughly 
half the depression of freezing-point of plasma. Whether this particular osmotic 


pressure is especially suitable for any physiological process is not known but it 


can be said that the osmotic pressure of a gruel meal having A =, 3° C. suffers 
minimal alteration in the stomach. 

The experiments reported here do not add to what is known of the nature of 
fundamental mechanism controlling gastric emptying but they do reveal some 
of the characteristics of the mechanism in operation. 

_ The sequence of events may perhaps be pictured as follows. Following entry 
of the meal into the stomach, a small amount of material of high osmotic 
pressure is emptied into the duodenum. Here, acting through some osmo- 
_ receptor mechanism, a braking influence is exerted upon the emptying process 
with the result that in a subsequent equal interval of time a smaller fraction of 
the gastric contents is ejected—this will be of a slightly lower osmotic pressure 
owing to gastric dilution and so the osmotic brake will be weaker. Thus in 
phase with a diminishing osmotic pressure due to dilution of the gastric contents 


Ca 
3 
aq 
a 
“dl 
\ 
> 
¢ 
3 
€ 


OSMOTIC EFFECTS ON GASTRIC FUNCTION 193 


the duodenal osmotic pressure is gradually reduced, with the result that the 
emptying pattern retains its exponential form and the osmotic braking is 
expressed by the increase in ‘half-life’. Presumably the ‘ osmo-receptor’ must 
be @ unit possessed of a semi-permeable membrane across which water is drawn 
by virtue of the high osmotic pressure of the gastric efflux. The unit must be 
excited by this fluid withdrawal to exert an influence, either humoral or nervous, 
upon the machinery of gastric emptying. The influence of this ‘osmotic brake’ 
can be studied quantitatively by measuring the changes in ‘half-life’ produced 
by sucrose. 


50 


; 
9 
1-0 3-2 10-0 17:8 


Fig. 5. Control ‘half-life’ plotted against the change in ‘half-life’ produced by the addition of 200 g. 
sucrose/l. of Test meal. Ordinate: control ‘half-life’ (min.). Abscissa: change in ‘half-life’ 


Test ‘half-life’ 
plotted as logarithmic scale. 


In Fig. 5 the change in ‘half-life’ produced by adding sucrose, expressed as 
came i on a logarithmic scale has been plotted against control 
‘half-life’. It may be seen that the shorter the control ‘half-life’ the greater 
was the relative slowing of emptying produced by the sugar. Similarly, it was 
found that the greater the control secretion of parietal component, pepsin and 
non-parietal component, the greater was the relative reduction in secretion in 
the period 15-30 min. produced by the standard dose of sucrose. There is thus 
no question of rapidly emptying or hypersecretory stomachs behaving like 
runaway horses; they respond perfectly well to a curb in the shape of sucrose, 
and in fact appear progressively more responsive to that curb as their capacity 
for running away increases. 
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Not only is the ‘osmotic brake’ applied to the machinery of gastricemptying 
but also to that of gastric secretion, although in the latter the effect of its | 
application lacks the uniformity which is such a striking footure | in gastric 
emptying. 
Plotting the change 1 in ‘half-life’ against the relative reduction in secretion 
of acid and pepsin in each individual showed that the greater the reduction in 
secretion the greater was the slowing of emptying. From inspection of Fig. 6 it 
might be thought that as the increase in ‘half-life’ reached a certain value before 
any decrease in secretion of acid was recorded, therefore the threshold for 
braking was lower for emptying than for secretion. This conclusion, however, 
is not justifiable for the following reason. 


018 
e 
0-56 
1-0 
1-0 18 32 56 100 178 


Fig, 6. Inhibition of the secretion of parietal component plotted against change in rate of emptying 

process preduced by adding 200 g. sucrose/l. of Test meal. Ordinate: change in secretion 
: Test parietal component (15-30 min.) 

of parietal component plotted as 


scale, Abscissa: change in emptying plotted as on logarithmic scale, 


The data on the inhibition of secretion by the sucrose added to the pectin 
meal is mainly relevant to the first 30 min. of the digestive period, during which 
time it might be thought that the cephalic phase of secretion would be at its 
height. However, there are a number of points to suggest that the pectin 
test meal is not an effective stimulus to the cephalic phase, It was designed to 
__ be bland and to excite neither distaste nor appetite: the secretory response was 
the same when it was given down the tube or swallowed in the ordinary way 
(Hunt & Macdonald, 1951); and recently Janowitz, Hollander, Orringer, Levy, 
Winkelstein, Kaufman & Margolin (1950) have shown that gruel test meals 
excited no cephalic secretion in a subject with a gastric fistula. If the secretion 
in response to the test meal is not the cephalic phase of secretion it seems 
probable that distension of the stomach may be an important factor in stimu- 
lating the secretion. Thus a meal emptying slowly might be expected to provoke 
@ greater amount of secretion than one of the same initial volume which 
left rapidly, so that the meal containing 200 g. sucrose/l. may be considerably 
more effective as a stimulus to secretion than the control meal. It follows, 
therefore, that it is not possible to make quantitative comparisons of the 
inhibiting effect of sucrose on gastric secretion by comparing the volume of 
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secretion in response to the meal containing sucrose with the response to the 
control meal, because effective distending stimuli are not equal. 

It may be noted from Tables 3-5 that the output of pepsin did not apparently 
come under inhibition as quickly as did the secretion of parietal and non- 
parietal component. A possible explanation is that the initial part of the output 
of pepsin was not truly secreted but was merely washed from the tubules and 
thus not susceptible to inhibition, except in so far as the volume washing out 
the tubules was reduced. 

In the first study from this laboratory with Serial Test meal (Hunt, 1951), it 
was noted that in five subjects the rate of secretion of pepsin had two peaks, as 
distinct from the secretion of acid which fell away progressively with time. It 
is thus interesting to see that whereas in the period 15-30 min. the output of 
pepsin and secretion of acid in subjects W. R. 8. and J. N. H. were both inhibited, 
later the inhibition of the secretion of parietal component persisted but the rate 
of secretion of pepsin rose. It does not seem probable that a ‘gastrin’, acting as 
we know it.in experimental animals, can be the cause of this second peak in the 
tate of secretion of pepsin, for gastrin typically stimulates the production of a 
juice poor in pepsin. This observation suggests that there may exist some non- 
cephalic mechanism other than gastrin to account for the second peak in pepsin 
secretion and that this second peak is not so susceptible to the ‘osmotic brake’. 


SUMMARY 
1. The ‘osmotic effect’ of sucrose on gastric secretion and emptying has 
been studied by means of the Serial Test meal. | 
2. The emptying of the stomach was slowed by the sucrose but the exponen- 
tial character of the emptying process was not lost. 
3. Evidence was obtained that the achievement of a certain intra-gastric 
osmotic pressure by dilution was not a necessary precursor of gastric emptying. 
4, The secretion of the parietal component, pepsin, and the non-parietal 
component was reduced by the addition of sucrose, the relative reduction being 
greater during the period 15-30 min. than during the period 0-15 min. 
5. The greater the emptying and secretory activity of the stomach the 
greater was the relative inhibition produced by the addition of sucrose. 
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INTERCELLULAR PLASMA AND ITS EFFECT ON 
ABSOLUTE RED CELL VOLUME DETERMINATION 


_ By D. MARY JACKSON anp MARJORIE E. NUTT 
From the Department of Physiology, University of Bormingham 
(Received 17 May 1951) 
Determination of the haematocrit value of blood involves packing the cells 
by centrifugation. If any considerable percentage of plasma remains in the 
interstices of the packed cells, this will lead to an overestimate of the volume of 
cells present in the blood. Estimates of intercellular plasma have been made 


by a number of workers, and Table 1 shows that there is a considerable dis- 
crepancy between the results reported in the literature. 


_ Taste 1. Estimates of percentage intercellular plasma (1.c.P.) recorded in the literature 


Relative 1.C.P. 
centrif. 
force cells 
Author and date (g) Method Species Anticoagulant Comment 
Harris (1920) 1500 Vital red 146 Catand Dry _ 
dog oxalate 
Gibson & Stead 1500 T-1824 recovery 
Crabtree & Maizels (1938) 3360 Hb reco 43-715 Human Sr 
Pl. prot 4 Human . Heparin - 
Gregersen & Schiro (1938) 1500 T-1824 dilution 6-3 Human Orxalateor B.C.V. of 40% 
and dog 
or citrate 
Shohl & Hunter (1941) 1700 T-1824 dilution 45 Human Oxalate or 
_ Chapin & Ross (1942) 1800 T-1824 dilution 8-5 Human 
T-1824 recovery 8-3 Human | Double oxalate 
Pl. prot. dilution 8-0 Human 
Maizels (1945) 1500 T-1824 (7 mm. tubes) 2-16 Human Heparin — Buffy coat 
T-1824 (7 mm. tubes) 2-74 Human Heparin + Buffy cost 
T-1824 (7 mm. tube with neck) 1-92 Human Heparin ~~ 
T-1824 (1 saline extraction) 2-26 Human Heparin 
-1824 saline ) 2-61 Human Heparin 
T-1824 130 mg./100 ml. 1-93 Human Heparin = 
T-1824 32-5 mg./100 ml. 199 Human Heparin ri 
T-1824 16-2 mg./100 ml 2-01 Human Heparin — 
T-1824 (3 mm. tube) 1-66 Human Heparin — Buffy coat 
| : T-1824 (3 mm. tube) 188 #F Heparin + Buffy cost 
— 1500 T-1824dilution 30-70 Human 
McLain & Ruhe (1949) 1400 T-1824 dilution 0-17-7 (7-0) Ox Defibrinated - 
T-1824 recovery 16-58 (3-4) Ox Defibrinated 


Boyden & 1500. T-1824 recovery, Antigens 85-4 Dog Heparin 
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In an investigation of the accuracy of the Meyerstein haematocrit it was 
shown (Jackson & Nutt, 1950), that the relative centrifugal force used had a 
marked influence on the cell volume obtained and also on the standard devia- 
tion of the results. Therefore it was decided to determine the intercellular 
plasma remaining between red cells packed under a range of centrifugal forces, 
and to find out whether this was related to the decrease in haematocrit value 
which occurred when the relative centrifugal force was increased. Hence to 
estimate the accuracy with which the Meyerstein micro-haematocrit technique 
may give a value for absolute cell volume. 


| METHODS 
The method used for determination of intercellular plasma was a slight modification of the dye- 
recovery method of Maizels (1945). The accuracy of this type of method has been reported on by 
McLain & Ruhe (1949). 

The advantages of the present modification of the method are: (1) the dye solution need not be 
made up accurately, (2) the only accurate measurements involved are those of 2 ml. of packed 
cells and 10 ml. of resuspension medium, and (3) the use of an aliquot of packed cells avoids errors 
due to the use of cells from the disturbed surface layers and the presence of buffy coat. 

To a known volume of blood one of the blue vital dyes, T~1824 (Evans blue) or chlorazol sky 


_ blue was added in a concentration of approximately 200 mg./100 ml. of whole blood. This dye was 


roughly weighed and dissolved in sufficient isotonic sodium chloride to make an approximately 
10% solution. In the later experiments Ringer-Locke solution was substituted for saline. The 
solution was filtered before use to remove any undissolved dye. 2 ml. of dye solution was then 
added per 100 ml. of whole blood and gently and thoroughly mixed with it. The blood samples 
used were from the National Blood Transfusion Service drawn, on the day previous to the experi- 
ment, into the usual glucose-citrate mixture and stored at 4-6° C. 

Two 20 ml. samples of dyed blood were pipetted into suitable centrifuge tubes and from these 
eight Meyerstein haematocrit samples were taken, with care to ensure that no sedimentation 
occurred while sampling. The dyed blood samples, together with the haematocrits, were centri- 
fuged at speeds varying from 1000 to 6000 r.p.m. in a centrifuge of effective radius 15 cm., i.e. at 
relative centrifugal forces varying from 167 to 6000 g (Jackson & Nutt, 1950). The samples were 
spun for 15 min., allowing 5 min. for acceleration of the centrifuge. Aj the same time two 20 ml. 
blank samples, i.e. blood without added dye, were centrifuged. In most experiments these blank 


_ samples were centrifuged with (1) the highest experimental speed, and (2) one of the intermediate 


speeds, 

After centrifugation the supernatant plasma was removed by suction, using a glass capillary 
attached to a water pump, care was taken to avoid any disturbance of the cells. The first dyed 
plasma sample was taken into a clean dry boiling tube, and dye standards were made up from it by 
suitably diluting with isotonic sodium chloride solution. The cell surface was washed with isotonic | 
sodium chloride, or in the later experiments with Ringer-Locke, care again being taken to avoid 
disturbance of the cells. Two saline washes of approximately 2 ml. usually sufficed to remove most 
of the dyed su tant " 

5 tk ae oe trifuged cells was taken from each centrifuge tube by the use of a 
pipette attached to the suction pump, care being taken not to include the surface layer of cells in 
the sample, The sample was then allowed to drain by gravity into 10 ml. of isotonic saline or Ringer- 
Locke’s solution. : 

In the earlier experiments the drained pipettes were washed with the supernatant saline, but 
slight haemolysis usually seemed to result. This was suspected to be due to dried cells adhering to 
the pipette walle which ruptured on resuspension. Therefore pipette washing was discontinued 
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but the same four pipettes were used throughout the series of experiments. The cells were thoroughly 
mixed with the saline or Ringer-Locke, and then recentrifuged for about 15 min. at any convenient 
speed, usually 3000r.p.m. or above. The supernatant solution containing diluted intercellular 
plasma, with or without dye, was removed without any disturbance of the cells. 

The unknowns were compared in the Hilger Spekker photometer, using the Chance’s 0.G. 1 
filter (transmission 40%, range 5000-5700 A.), against standards made by dilution of the dyed 
plasma sample 500, 250, 100, 50, 25 and 10 times. 

The mean haematocrit value and the standard deviation were calculated for each set of tubes 
centrifuged. 

In order to estimate the accuracy of the method, a third group of experiments was performed 
. in which the maximum number of intercellular plasma determinations were made on one blood 
at one speed. Relative centrifugal forces around 4000 g were used, since interest centred on the 
error of haematocrit determinations under these conditions. 

Attempts had been made to improve the accuracy of dye estimations by the use of extraction 
and decolorization methods (Harington, Pochin & Squire, 1940; Crooke & Morris, 1942; Morris, 
1944a, 6; Gaebler, 1943; Phillips, 1943). However, where the dye concentration is considerable, 
as in these experiments, the errors introduced by the extra manipulations involved overcame any 
advantages due to the removal of interfering substances. Also, since suitably diluted supernatant 
plasma was used to prepare the standard dye solutions, errors due to interference by constituents 
of the plasma were constant in both unknowns and standards. Haemolysis in the unknown 
solutions was the only-source of further interfering substances, and since this was checked by 
simple method seemed justified. 


Calculation of results 

(1) Determined intercellular plasma. Dye is added to blood to give a concentration of Z units/ml. 
in the undiluted plasma. 

Then the 1 : 500 standard contains #/500 units/ml., and 1 : 100 standard contains 7/100 units/ml. 

Let x ml. be the intercellular plasma remaining in y ml. of packed cells and V ml. of saline or 
Ringer-Locke are added, ‘then 

Total (plasma +saline) volume = V +2 ml. 
But « ml. plasma contains Ea unite of dye, therefore 
dye concentration = units/ml. 
Now if optical density of unknown =k x that of 1 : 100 standard 
and «=kV/100-k. 
If y=volume of cells used, 
% intercellular plasma in packed cells - x 100/y. 

(In practice V =10 ml. of saline or Ringer-Locke, y=2 ml. of packed cells.) 

(2) Calculated intercellular plasma. In any experiment the percentage intercellular plasma 
to be expected on the basis of the increased haematocrit value at lower speeds, may be calculated 
from the experimentally determined intercellular plasma and the haematocrit value at the fastest 
speed. (See Table 3. Exp. 16.) 

At the fastest speed, 5760 r.p.m., the haematocrit value was 36-29 % cells and the experimentally 
determined intercellular plasma 1-43% of the packed cells. 

Therefore in 36-29 volumes of packed cells 36-29 x 1-43/100 vol. =0-52 vol. is plasma. 

Therefore absolute cell volume = 36-29 — 0-52 =35-77 vol. %. 

Now percentage cells (haematocrit) at 4280 r.p.m. =36-53%. 

Therefore volume of plasma present in these packed cells = 36-53 vol. 

Therefore percentage intercellular plasma = 2-68%. 

And percentage found experimentally at 4280 r.p.m. =2-46%. 
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(3) Percentage haematocrit value, The haematocrit value at the highest speed in each experiment 
was taken as 100%, and the percentage cell volume at each slower speed calculated. Thus bloods 
of varying cell content, used in different experiments, could be com | 


RESULTS 


Group 1 experiments 
Isotonic sodium chloride was used for washing and resuspension of the 
packed cells. | 


Tani 2. Group 1 experiments using isotonic sodium chloride 


Relative 

Speed in R.O.F. Cells percentage 1.0.P. 
Blood r.p.m. (9) (%) 8.D. haematocrit* (%) 
l 6000 6000 33-44 0-12 100 2-41 
4000 2650 33°61 0-17 100-5 3-61 
2000 650 35-43 0-58 106-1 7-98 
2 6000 6000 33-83 0-18 100 2-52 
4000 2650 33-90 0-19 100-2 3-91 
2000 650 34-63 0-28 - 102-3 8-70 
3 5500 5050 34-90 0-22 100 0-96 
| 2860 1380 36-80 0-50 105-5 7-25 
4 5650 5350 42-86 0-44 100 2-07 
4000 2650 43-20 0-35 100-6 4-08 
5 5500 5050 28.80 0-18 100 5-24 
4760 3770 28-86 0-18 100-1 3-13 
2290 890 33-30 0-37 115-6 9-15 
6 5450 4950 33-84 0-16 100 1-83 
3000 1500 33-84 0-24 100 4-02 
2100 740 38-44 0-83 113-6 15-72 
1 5400 4840 30-16 0-28 100 2-06 
4000 2650 30-31 0-24 100-7 1-77 
2000 650 34:87 0:53 115-8 1-15 
8 5180 4460 35-01 0-41 100 1-57 
3160 1660 35-61 0-26 101-8 2-98 
2310 910 37-34 0-33 106-5 8-23 
9 5450 4950 34-54 0-32 100 1-35 
3750 2350 34-79 0-28 100:8 1-56 
2500 1050 36-16 0-38 104-6 8-26 
10 5400 4840 32-98 0-30 100 1-32 
3000 1500 34-55 0-42 104-8 6-23 
2040 700 38-25 0-51 116-0 8-95 
ll 5500 5050 30-09 0-35 100 1-38 
3750 2350 29-88 0-24 90. oe 
2300 900 34-08 0-49 1141 11-79 
12 4000 2650 33-23 0-21 100 3-32 
3490 9000 33-58 0-20 101-0 3-75 
2400 980 36°71 1-61 110-3 7:26 


* Haematocrit at fastest speed taken as 100. 


The results are summarized in Table 2. In addition to the experimentally 
determined intercellular plasma the percentage to be expected on the basis of 
increases in haematocrit value, at speeds other than the fastest used, may be 
calculated. The range of intercellular plasma percentage expected may be 
found by calculating from the mean haematocrit value at a given relative 
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centrifugal force + and — twice the standard deviation. Except at some of 
the slowest speeds used, the experimentally determined values for inter- 
cellular plasma lie within the expected range. : 

If the values for intercellular plasma are plotted against percentage haemato- 
crit values (the haematocrit at the fastest speed = 100% ), there is a moderate 
degree of agreement between them. As will be seen from Table 2, at forces 
greater than 1500 g the average intercellular plasma varies between 2 and 4% 
of the packed cell volume, with a range of 1-8%,. 

The lack of good agreement between values for intercellular plasma and 
percentage haematocrit value is probably due to slight haemolysis which was | 
frequently present in this series of experiments, but in unpredictably variable 


in R.C.F, Cells percentage 

Blood r.p.m. (g) (%) 8.D. haematocrit* (%) 
13 5450 4950 0-11 100 1-31 
| 5000 4170 30-18 0-22 100-3 1-47 
3530 2050 30-03 0-29 100 3-26 

2720 1220 31-98 0-31 106-2 7-26 

2240 830 39°10 1-56 130-0 18-45 

14 5250 4530 21-59 0-21 100 1-81 
4400 3240 21-50 0-21 99-7 2-65 

‘ 2400 980 23-75 0-30 110-4 11-51 

15 5450 4950 31-45 0-12 100 1-25 
4680 ocae 31-79 0-18 101-0 1-99 

3920 31-75 0-21 100-7 2-73 

3060 1570 33-86 0-28 107-8 7-10 

2610 1110 34-15 0-43 108-6 8-32 

2070 720 36-95 0-58 117-5 11-48 

16 5760 5560 36-29 0-16 100 1-43 
5000 4170 36-27 0-20 99-8 2-26 

4280 3080 36-53 0-27 100-6 2-46 

3680 2270 36-26 0-35 99-7 2-63 

2970 1470 37-23 0-34 102-7 4-02 

. 2460 1000 40-18 1-01 110-8 10-50 
17 5300 4600 30-49 , 022 100 1-62 
4280 3080 30-58 0-20 100-2 1-74 

3410 1930 30-74 0-24 100-8 2-44 

2400 980 33-20 0-19 108-8 8-09 

1610 420 36-58 0-68 119-9 12-30 

18 5000 4170 37-04 0-36 100 1-87 
4100 2820 37-06 0-25 100-1 2-00 

1710 37-54 0-20 101°3 2-64 

2850 37-55 0-28 101-5 3-80 

2500 1050 39-00 0-31 105-2 5-27 

1790 530 41-91 0-49 113-1 9-22 

19 5160 4400 36-73 0-16 100 0-82 
. 3360 1880 38-36 0-45 104-4 «B04 
2860 1360 39-61 0-66 108-0 711 

2610 1110 40-73 0-58 » 111-0 8-03 

2060 710 42-36 0-68 115-4 13-30 

1665 450 45-91 1-25 125-2 15°60 

1130 200 48-83 0-78 133-1 20-15 


* Haematocrit at fastest speed taken as 100. 
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amounts. The use of a Chance 0.G.1 filter in the photometer (range 5000- 
5700.A.) gave the maximal reading range for the standards. However, since the 
absorption bands of haemoglobin lie within this range any haemoglobin in 
solution led to inaccuracies in the dye estimation. | 
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Fig. 1. Group 2. Haematocrit values (as percentage of value at fastest speed) 
and intercellular plasma. 
Group 2 experiments 


In this group of experiments Ringer-Locke solution replaced isotonic sodium 
chloride in the washing and resuspension of cells. This provided a medium for 
the cells with a more suitable ionic balance and haemolysis was thereby pre- 
vented. Any occasional haemolysis could be traced to improperly dried apparatus 
or the presence of small clots in the original blood sample. Results from such 
samples were discarded. 
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The results obtained in this series of experiments are summarized in Table 3, _ 
At relative centrifugal forces of 1500g or above the average intercellular 
plasma varies between 1 and 3% of the packed cell volume, a 
0-8-6%. 
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Fig. 2. Experimentally determined and ealelated perventage of interelilar plasms 


Fig. 1' shows the relationship between intercellular plasma and haematocrit 
value. The vertical line, AB, on the figure indicates a relative centrifugal force 
of 1500 9, which is the force exerted at 3000r.p.m. in a centrifuge of radius 
15 cm., i.e. the force most commonly used for the haematocrit and inter- 
cellular plasma determinations recorded in the literature. 

In Fig. 2 a typical experiment from this group is illustrated. The experi- 
mental results obtained show a close relationship between percentage cells as 
determined by the haematocrit and percentage intercellular plasma. It will 
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be seen that the experimentally determined values for intercellular plasma lie 
within the range of the intercellular plasma. percentage calculated from the 
haematoorit value and its standard deviation (range= +2 s.p.). 


Taste 4, Reproducibility of intercellular plasma results 


Blood (g) tests 1.0.P. 8.D. tests tests 
A 5000 6 1-36 0-09 
5500 5050 4 0-73 
5500. 6 1-01 0-10) 
5090 4290 4 1-07 
C 5170 4450 6 1-34 0-04 
4270 7 1-22 oop 
E 48290 3900 2 2-09 
F 4760 3750 7 2-82 0-10 
G 4680 3660 6 1-94 0-20 
H 5850 10 163 
5170 4450 7 1-44 0-13 1°55 oat 
I 2.98 0-19 
6270 4560 4 2.01 an 
: Group 3 experiments 


- Results summarized in Table 4 show that in these experiments, the inter- 
cellular plasma varied from:1 to 3% of the packed cell volume under forces 
around 4000 g. The standard deviations of these series of results show that these 
values may vary by + 10%, however, an error of this magnitude will not o~ 


the haematocrit results significantly. 


DISCUSSION 
Determinations of the plasma trapped between red cells, packed by centrifugal 
force, have been made by a number of workers. The results show wide dis- 
crepancies (Table 1). 

Maizels suggested that these discrepancies were due to the use of inaccurate 
dilution methods, as opposed to more accurate recovery methods, for the 
estimation of dye in the trapped plasma. However, it seems unlikely that 
differences in accuracy of the methods used can be responsible for these wide 
variations. Greater accuracy of method might be expected to decrease varia- 
tion between individual results, but not to alter the mean values obtained. 

The present work indicates that these wide variations may be due to the 
particular conditions used in the initial cell-plasma separation. It seems clear 
that the decrease in haematocrit value with increased centrifugal force is due 
to the closer packing. of the cells, and a decrease in the volume of plasma 
trapped between them. At 1500g (ie. 3000r.p.m. in a centrifuge of — : 
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15 cm.) the curve relating cell volume and intercellular plasma to relative 
centrifugal force shows a marked flattening (see Fig. 1). Therefore large differ- 
ences might be expected between determinations made at forces slightly above 
and below 1500 g, and at this force the scatter of results obtained shows that 
consistent values could not be expected. Between 1000 and 2000 g the inter- 
cellular plasma present in packed cells ranged from 10-2 to 25%. Thus a slight 
under- or over-estimate of the centrifugal speed could account for the divergent 
results obtained under supposedly identical conditions. 

It should be emphasized that in order to obtain consistent results the force 
used must be accurately measured. The present results suggest that a force of 
not less than 4000 g should be used for haematocrit determinations. Under 
_ these conditions the amount of intercellular plasma present was not greater. 
than 2-2% of the packed cell volume (Table 4), and was usually less than this. 
In a relative cell volume of 40% , 2:2% of intercellular plasma would represent 
0-9 haematocrit units, and the standard deviation of the haematocrit results 
at 4000 g is 0-2-0-3 of a haematocrit unit. Thus a difference of 0-9 unit between 
duplicate haematocrit readings is within the range of +2 8.p. 

Unless an absolute cell volume result is required it is unnecessary to correct 
haematocrit results at 4000g or above for the presence of intercellular plasma. 
In any event this correction could have no significance when applied to single 
determinations. However, under the conditions of centrifuging recommended 
by Wintrobe and most other workers (i.e. a relative centrifugal force of 15009) 
the intercellular plasma may be as much as 9% of the packed cell volume 
(Fig. 1), which would have a significant effect on the cell volume determined. 
Also the scatter of results means that no single correction factor could be applied. 

The results of the experiments described above emphasize once more the 
importance of accurately defining the conditions used for determination of — 
haematocrit values. Reproducible results cannot be expected see nite 
relative centrifugal force is used. 

SUMMARY 

1. .A modification of the dye recovery method of Maizels has been used to 
determine the intercellular plasma present between red cells ot sere under a 

wide range of centrifugal forces. 

2, Decrease in the percentage intercellular plasma remaining between cells 
can account for the decrease in haematocrit values with increasing relative 
centrifugal forces. 

3. At a force of 1500g, i.e. that used by the majority of workers, the per- 
centage intercellular plasma shows considerable variation, and this could 
account for the divergent results which have been obtained. 

4. At forces greater than 4000g haematocrit results need not be corrected 
for the presence of intercellular plasma. Under smaller forces no appropriate 
correction could be applied owing to the wide variation in amounts present. 
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5. The use of an adequate centrifugal force ensures accurate and repro 
ducible results, for the Meyerstein micro-haematocrit method. 


The authors would like to thank Prof. H. P. Gilding for his criticisms and encouragement — 
throughout this work, and Miss J. M. Smith for assistance during the course of these experiments. 
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HEXAMETHONIUM AND INSULIN HYPOGLYCAEMIA 


SCHACHTER 


From the National Institute for Medical Research, Mill Hill, 
London, N.W.7 


(Received 24 May 1951) 


In the course of experiments in which hexamethonium, a member of the 
polymethylene bistrimethylammonium series, and insulin were simultaneously 
administered to dogs, it was observed that the symptoms associated with 
insulin hypoglycaemia were considerably exaggerated. The following analysis 
revealed that this was due to potentiation of the insulin hypoglycaemia by 
hexamethonium. 
METHODS 

Experiments were carried out on six unanaesthetized dogs fasted for 18-24 hr. Blood samples 
were taken from the antebrachial cephalic vein at regular intervals for glucose determinations by 
the micro method of Hagedorn & Jensen (1923). All] dogs received 2 mg./kg. hexamethonium 
alone, 0-4 unit/kg. insulin alone, and insulin plus hexamethonium in these doses. In addition, 
hexamethonium, in a dose of 5 mg./kg., was given in a number of experiments. All drugs were 
given intravenously, insulin being given 5 min. before hexamethonium if both were administered 


in the same experiment. The sequence of drug administration was randomized. Hexamethonium 
was given as the iodide. 


RESULTS 


Hiniidieaies. Although there were no marked signs of discomfort, 
hexamethonium gave reproducible effects. These were: increased heart rate, 
ptosis, relaxation and injection of the nictitating membrane, dryness of the 
nose and shivering. Shivering almost always occurred following administration 
of hexamethonium, and if present before it was intensified. Room temperature 
varied between 18 and 20° C. on different ) days. In general, symptoms were 
wearing off after 1 hr. The increased heart rate was of shorter duration. 

In twelve experiments on six dogs there was no significant consistent effect 
of hexamethonium on the fasting blood sugar level. In two experiments on 
two dogs there was a temporary reduction of 10-15 mg./100 ml. (Fig. 1). 
This could not be repeated, however, either with this dose, or when it was 
increased to 5 mg./kg. in four experiments on the same two animals. 


> 
‘ 
a 
rg 
z 
alg 
ait 
3 
4 
“4 
<3 
pa 
4 
4 
ay 


HEXAMETHONIUM AND INSULIN HYPOGLYCAEMIA 207 


i=) 


100 
80F 
70 
60 
40} 
_~ 100 
90 é 
8 
3 
a 30 
100 VI 
A 
= 
50F ‘o---e 
40k 


4 i i i i 
ss "0 20 40 60 80 100 120 140 —20 0 20 40 60 80 100 120140 
Time (min.) 

Fig. 1. Blood sugar curves of six dogs (I to VI) in response to insulin alone; hexamethonium alone, 
and the combination of both. Insulin or hexamethonium alone given at zero time; hexa- 
methonium, 5 min. later when both were administered in the same experiment. @-———-@ 
Insulin (0-4 unit/kg.). For dogs I and II the curve is the average of three experiments in 
each case. @----- @ Insulin (0-4 unit/kg.) plus hexamethonium (2 mg./kg.). @------ * 
Insulin (0-4 unit/kg.) plus hexamethonium (5 mg./kg.). e——* Hexamethonium (2 mg./kg.). 
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Insulin. Six dogs received insulin alone in ten experiments. There were no 
obvious symptoms except in one instance when the animal showed mild 
convulsive signs. The effect on the blood sugar in the six dogs is shown in 
Fig. 1. The mean of the lowest blood sugars in this group was 54-6 mg./100 ml. 

Insulin plus hexamethonium., Six dogs received insulin plus hexamethonium 
in eight experiments, Varying degrees of convulsive activity were observed in 
six of the eight experiments, and in some instances there was severe collapse 
and agitation. When convulsions were very severe, as they were in two 
instances, they were terminated immediately by intravenous injection of 
a few ml. of 10% glucose. One dog which showed no convulsive signs received 
5 mg./kg. of hexamethonium plus insulin on one occasion. This increased the 
hypoglycaemic response to insulin to a greater degree than did the smaller 
dose of hexamethonium and also produced convulsive activity (Fig. 1). 

In every instance the simultaneous administration of hexamethonium 
reduced the blood sugar level to a greater degree than did insulin alone 
(Fig. 1). The mean of the lowest blood sugar levels was 43-1 mg./100 ml. 
Comparison of this mean value with that obtained with insulin alone ows a 
highly significant difference between the two (P<0-01). 


DISCUSSION 


The effects of hexamethonium such as increased heart rate, ptosis, etc. are 
readily explained by its ganglion blocking action (Paton & Zaimis, 1951). 
The onset of shivering and the exaggeration of insulin hypoglycaemia caused by 
hexamethonium also indicate that it produces a temporary ‘pharmacological 
sympathectomy’ since it has been shown that shivering occurs more readily 
and that there is greater sensitivity to insulin in dogs following surgical 
sympathectomy (McDonough, 1939). The release of hormone from the adrenal 
medulla by a central nervous stimulating effect of hypoglycaemia was clearly 
demonstrated by Cannon, McIver & Bliss (1924). Further, Feldberg & Toh 
(personal communciation) have shown that hexamethoniunr prevents the rise 
of blood pressure following splanchnic nerve stimulation in the eviscerated 
cat. Hence the increased sensitivity to insulin caused by hexamethonium is 
readily explained by its action in preventing the nervous stimulation of the 
adrenal medulla in response to a fall in blood sugar. 

The inability.of hexamethonium to alter significantly the fasting blood sugar 
level with any regularity is in accord with the findings of McDonough (1939) 
following sympathectomy in dogs. The fact that there was a slight decrease 
in the blood sugar in two instances, however, suggests that the basal glyco- 
genolytic level may be raised by nervous mechanisms under conditions of 
minor stress or activity. Cannon & Britton (1927), using the denervated heart 
as an index of adrenal activity in the cat, demonstrated that ‘adrenine’ was 
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liberated following even very mild exercise. It is conceivable that hyper- 
glycaemia precipitated by emotional states might be prevented by hexa- 
methonium and it would be of interest to find out whether in some instances 
diabetic hyperglycaemia could be reduced. | 


SUMMARY 

1, Hexamethonium causes an increased sensitivity to insulin in unanaesthe- 

tized dogs. It is concluded that this is the result of the ganglion blocking 
action of hexamethonium preventing compensatory sympathetic activity in 

response to hypoglycaemia. | 

2. The effects of hexamethonium are consistent with the idea that this drug 

produces an effective ‘pharmacological sympathectomy’. 
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REFLEX CONTRACTION OF THE QOESOPHAGEAL 
cere GROOVE IN YOUNG RUMINANTS 


R. 8. COMLINE ann D. A. TITCHEN 
University of Cambridge 
(Received 26 May 1951) 


In the suckling ruminant liquids such as milk, after being swallowed, pass 
directly to the abomasum or secretory portion of the stomach. This is in 
contrast to the delay which occurs in the adult ruminant in which the food 
undergoes preliminary bacterial digestion in the. anterior compartments, the 
reticulum and rumen, before it passes to the abomasum and small intestine. 

The rapidity with which milk appeared in the abomasum of the calf after 
suckling was noted by Home (1806) who appears to have been the first to 
postulate that the oesophageal groove was responsible for the diversion from 
the fermentation chambers. This groove extends with two well-defined lips or 
pillars from the cardiac end of the oesophagus over the dorsal wall of the 
reticulum to the entrance of the omasum, a compartment which lies between 
the fermentation and secretory portions of the stomach in most species of 
ruminant. The floor of the groove is continuous with a well-defined omasal 
canal so that, when the lips contract to form a tube, liquids pass directly from 
the oesophagus through the oesophageal groove and omasal canal to the 
relatively large abomasum and do not enter either the recticulum or the 
rumen which, in the young animal, are small and undeveloped. 

The activity of the groove has been studied by using food stained with dyes 
and within recent years by radiological techniques (Phillipson, 1939; Watson, 
1944). Direct evidence for its contraction in the conscious animal was obtained 
by Schalk & Amadon (1928) by palpation through a rumen fistula. The 
literature on the subject has been reviewed by Watson (1944). 

It has generally been assumed that the contraction of the oesophageal 
groove is a reflex response to stimulation of the pharyngeal region, but direct 
evidence for this has been difficult to obtain in the conscious animal. In the 
experiments described below the reflex nature of the contraction of the 
oesophageal groove has been defined in decerebrate calves and lambs. Prepara- 
tions of this type allowed a more detailed examination of the reflex response. 
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METHODS 


Subjects, The majority of the experiments were performed on male Jersey calves 2-14 days old, | 


weighing 20-25 kg.; three lambs 3-8 weeks old were also used. The animals were kept at the 
laboratory for 2-3 days but never more than 9 days before the experiment. During this period 
the animals were fed # mixture of equal parts of cow’s milk and water which they suckled through 
a rubber teat: Care was taken that they did not have access to solid food or bedding. 

Anaesthesia was induced and maintained during decerebration in the early experiments by the 
administration of chloroform or a chloroform and ether mixture. Later, induction with ethyl 
chloride and maintenance with ether through a tracheal cannula was found to be more satisfactory. 

Decerebration was performed by sectioning the brain stem in a plane from the anterior colliculi 
dorsally to the mammillary bodies ventrally. This level of section was sufficiently high to avoid 
decerebrate rigidity, with the consequent difficulty in handling the preparation, but did not 
result in limb movements after the anaesthetic was withdrawn. Unless special precautions were 
taken the section of the brain stem resulted in profuse arterial and venous haemorrhage. The 
vertebral arteries could not be occluded in the majority of calves so that, despite clamping of the 
carotid arteries with bulldog clips, profuse haemorrhage occurred from the arterial rete mirabile 
lying under and anterior to the level of transection. In the technique finally adopted exposure 
of the dura mater over the dorsal aspect of both cerebral hemispheres allowed ligation of the dorsal 
sagittal sinus and, after removal of the brain anterior to the section, easy access to the rete mirabile 
and venous sinuses at the base of the cranial cavity. Haemorrhage from these points was controlled 
by the application, initially with pressure, of fibrin foam soaked in a thrombin solution. With this 
procedure the bulldog clamps on the carotid arteries could be removed within 5-10 min. 7 

The oesophageal groove was exposed, after the animal was placed on its back, by reflection of the 
anterior part of the abdominal wall from an incision along both costal arches. After this an 
incision along the free relatively avascular ventral curvature of the reticulum provided a clear 
exposure of the groove. The abdominal viscera were kept moist and warm throughout the experi- 
ment by the continuous application of 0-9 % (w/v) NaCl at 38°C. 


Recording. A small hook attached to a fine linen thread was placed in the left lip of the groove. | 


The thread was led through pulleys to a frontal writing lever. Swallowing movements and the 
respiratory excursion of the diaphragm were recorded by hooks in the thyroid notch of the larynx 


and the sternal part of the diaphragm respectively, attached to frontal writing or gimbal levers. 


The kymograph records were always checked by direct observation of the groove. Blood pressure 
was recorded from a femoral artery with a mercury manometer. 

Stimulation of the pharyngeal region was obtained by a flow of water at a rate of 50 ml./min. 
through a rubber tube placed so that its end lay beyond the dorsum of the tongue in the isthmus 
faucium. This form of stimulation was continued for 15 sec. in most experiments. Nerves were 
stimulated through Lucas fluid electrodes, as modified by Porter & Allamon (1936), which 
delivered condenser discharges from a neon-tube stimulator or faradic stimulation from a Palmer 
coil. 

Access to the phrenic and vagus nerves in the thorax was obtained by removal of the middle 
third of the ninth rib. When necessary the dorsal and ventral trunks of the abdominal vagus 
nerves were cut in the abdomen immediately behind the diaphragm. The splanchnic nerves and 
the adrenal glands were exposed by a modification of the method described by Liddell & 
Sherrington (1929). In calves, it is more convenient to remove the last rib before searching for 
the nerve, a modification which does not result in pneumothorax in this species. | 

L-Adrenaline base (B.D.H.) and L-noradrenaline bitartrate were dissolved with HCl in saline 
immediately before use and diluted to give the appropriate concentration before injection through 
cannula into the femoral vein. Atropine sulphate (B.D.H.) was dissolved in saline. 
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RESULTS | 
Lambs were used in the initial experiments; thereafter the observations were 
restricted to calves which were available over a longer period of the year. 
Greater care was required in preparing the calves because, owing to the 


relatively deep situation of the reticulum within the abdomen, the other — 


compartments of the stomach tended to obscure the groove after the reticulum 
was opened. If care was taken to empty completely the rumen and reticulum 
before setting up the preparation, the activity of the oesophageal groove could 
be continuously observed and recorded without further interference with the 
abdominal viscera. Provided these precautions were taken similar results were 
obtained with both species. 


Reflex contraction 


Oesophageal groove contraction was obtained either with a flow of water 
into the posterior part of the mouth cavity, or by stimulation of the central 
end of the superior laryngeal nerve. These stimuli also produced swallowing. 
The contraction of the groove usually started within 2-5 sec., rarely up to 
10 sec. after application of the stimulus. The: first swallow occurred within 
1-2 sec. of stimulation of the superior laryngeal nerve and within 3 sec. of the 
entry of water into the pharynx. 

In both calves and lambs the oesophageal groove contracted with two 
distinct movements. First, the lips of the groove, which before contraction 
were flaccid and easily separable, became firmly apposed; at the same time 
they shortened in their antero-posterior length. After a short pause this was 
followed by a second and more complicated movement in which the lips 
inverted and at the same time appeared to twist about an axis running the 
length of the right lip. This second movement drew the mucosa of the 
reticulum adjacent to the right lip over the groove, which disappeared from 
view. The two parts of the contraction were quite distinct and usually complete 
within 3-5 sec. although occasionally as much as 10 sec. was required for its 
completion. Each phase occupied about half the total contraction time. With 
rapid contractions, or a slowly moving kymograph, the biphasic form was not 
always clearly shown in the records. 

A record of the biphasic contraction of the oesophageal groove is shown in 


Fig. 1. In this experiment, although a threshold stimulus to the superior : 


laryngeal nerve evoked only one swallowing movement, the groove contracted 
in two distinct stages. In a resting state diaphragmatic respiratory movements 
were passively superimposed on the records from the groove. Since respiration 
was inhibited by the afferent stimulation this passive movement did not 
distort the record of the active contraction of the groove and may be separated 
from it by a — of the records from the oesophageal groove and 
diaphragm. 
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The groove did not contract maximally in the initial biphasic movement. 
If the stimulus was continued additional contractions of much smaller 
intensity, each succeeded by an equivalent degree of relaxation, were super- 
imposed upon it. In many cases the small additional contractions were 
synchronous with swallowing. In other instances they were observed when 
swallowing movements did not occur throughout the whole period of afferent 
stimulation although respiration continued to be inhibited (Fig. 2). 


Fig. 1. Fig. 2. 

Fig. 1. Decerebrate calf. Reflex contraction of the oesophageal groove. Records from above 
downwards: oesophageal groove, swallowing, respiration, signal, time (1 sec.). Stimulation 
of superior laryngeal nerve with induction coil discharge, 8. (Coil distance 12 cm.). a indicates 
passive movement of oesophageal groove with respiratory excursions of diaphragm. b and c 
indicate the first and second parts of the biphasic contraction of the oesophageal groove. 


Fig. 2. Decerebrate calf. Reflex contraction of the oesophageal groove stimulated by introducing 
water into the mouth (signal). Records in same sequence as in Fig. 1. Time 1 sec. 


The nature of the reflex 
The reflex arc : 
The reflex nature of the oesophageal groove contraction was demonstrated 
by section and stimulation of possible afferent and efferent nerves. 
The superior laryngeal nerve was the only afferent nerve stimulation of 
which consistently caused swallowing and groove contraction in the decerebrate 
calf. Stimulation of the central end of the chorda-lingual trunks and branches 
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of the pharyngeal plexus other than that of the superior laryngeal nerve was 
usually ineffective. In the lamb, in one experiment, swallowing and groove 
contraction occurred on stimulation - the central end of a divided middle 
nerve. 

The efferent nerve fibres: to the slaaiahenh of. the oesophageal groove were 
confined to the dorsal vagus nerve, The contraction in response to all forms of 
afferent stimulation was abolished after section of this nerve in either the 
thorax or abdomen. On stimulation of the peripheral end of the cut nerve 
both the oesophageal groove and the rumen contracted, the contraction of the 


Fig. 3. Decerebrate calf. Contraction of the oesophageal groove evoked by stimulation of the 
dorsal vagus nerve in the thorax (signal). Coil distance 10 cm. Phrenic nerves sectioned in 


groove retaining the ‘biphasic Sorin noted on stimulation 
(Fig. 3). The reflex contraction of the groove was not appreciably reduced 
after section of the ventral vagus nerve. On stimulation of the peripheral end 
only slight movements occurred of the lips of the groove close to the reticulo- 
omasal junction. Unilateral section of the cervical vagus had no observed 
effect on the reflex groove contraction. | 

The intravenous injection of from 2-5 mg. of atropine sulphate (80-200 
ug./kg.) totally abolished contractions from the reflex and the dorsal vagus 
nerve stimulation. Swallowing movements induced by stimulation of the 
superior laryngeal nerve or by the introduction of water into the posterior 
mouth cavity were unaffected. The inhibitory effect of the atropine was at 
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-and frequently marked by one or two large respiratory movements. 
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a maximum within five minutes of administration and remained for at least 
two hours, which: was the longest’ period over which the experiments were 
continued after the injection. These effects are shown in Fig. 4.. petits 

Although contraction of the oesophageal groove was associated with 
swallowing, the reflex contraction occurred after the abolition. of the bucco- 
pharyngeal movements by section of the appropriate nerves (pharyngeal and 
laryngeal rami of the vagus nerves, the glossal, and pharyngeal rami of the 
glossopharyngeal and the hypoglossal nerves and mandibular branches of the 
trigeminal nerves), Section of these nerves abolished. all responses to the 
introduction of water into the pharynx. The groove still contracted in response 
to stimulation of the central end of the superior laryngeal nerve (Fig. 5). 


Fig. 4. Decerebrate calf. Effect of atropine. Records from above downwards, oesophageal groove, 
swallowing, injection signal (Aér.), stimulation signal, time (1 sec.). Superior laryngeal nerve 
stimulation, 8, with a coil distance of 10 cm. a, during the injection of 2 mg. atropine; 

___ 6, 2 min. after and c, 4 min. after the injection of atropine. 

: The reflex contraction of the oesophageal groove could be inhibited by 


_ afferent stimuli from either the pharyngeal region or from the abdomen. The 


effect on swallowing as well as groove contraction and the rate of recovery, 
after withdrawal, varied according to the inhibitory stimulus. ee 
Stimulation of the glossal branch of the glossopharyngeal nerve inhibited 
the reflex contraction of the oesophageal groove.. Swallowing and the 
incomplete respiratory movements, which in a few experiments occurred 
between a number of swallows, also ceased during such stimulation. The 
inhibition corresponded to the period of stimulation. The recovery was rapid 
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Stimulation of the glossopharyngeal trunk formed by the glossal and 
pharyngeal rami gave variable results. On most occasions an inhibition was 


found, but in a few experiments reflex swallowing and groove contraction 


occurred either during stimulation or immediately after it had ceased. 

- Manipulation of the abomasum and the reticulum inhibited the reflex 
contraction of the groove. The effect was prolonged and persisted on occasions 
for 10-15 min. after handling of the viscera had ceased. Stretching the 


Fig. 5. Decerebrate calf. Denervation of pharynx and larynx. Records in same sequence as in 
Fig. 1. First signal, water into the mouth, W, 50 ml./15 sec. ; second signal, superior laryngeal 
nerve stimulation, 8 (coil at 11 cm.). Time 1 sec. 


reticulum between forceps so that no direct tension was exerted on the groove 
had a similar effect. Following these observations stimulation of the central 


end of a cut cervical vagus nerve was found to abolish reflex groove contraction 


but the effect could not be recorded in a satisfactory manner owing to the 
concurrent respiratory movements. 


Since handling of the abomasum caused a profound inhibition of reflex 


_ groove contraction, the central end of the divided branch of the ventral vagus 


running over the lesser curvature of the abomasum was stimulated for varying 
periods. In calves more than 5-7 days old this always inhibited groove 
contraction, but in younger animals the inhibition was more irregular and did 
not occur on every occasion. The inhibition differed from that due to stimula- 
tion of the glossal branch of the glosso-pharyngeal nerve in that it was slower 
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in onset, more prolonged once established and only affected reflex contraction 
of the groove, not respiration or swallowing (Fig. 6). | 
The inhibitory effect from stimulation of the abomasal nerve was demon- 
strated most effectively when a series of reflex-groove contractions was 
established by delivering periods of stimulation from the pharynx for 15 sec. 
at intervals of from 60 to 150 sec. This normally produced a sequence of 
separate and comparable groove contractions. If the abomasal nerve was 
stimulated for 15-20 sec. preceding the pharyngeal stimulus the contraction 
of the groove was either reduced or abolished and the next contraction in the 


} Fig. 6. Decerebrate calf. (a) Continuous record of, from above downwards, oesophageal groove, 


swallowing, blood pressure, abomasal nerve stimulation, A (coil at 10 cm.), superior laryngeal 
nerve stimulation, § (coil at 11 cm.). Time 5 sec. (6) As in (a) with coil at 12 cm. for abomasal 
nerve stimulation, A. 


_ series was frequently smaller than normal. The effects of two strengths of 
_ stimulation of the abomasal nerve are shown in Fig. 6a, 6. If both abomasal 
and pharyngeal nerve stimulation were simultaneous the immediate reflex 
_ closure of the groove occurred but the next contraction was either partially 


or completely inhibited. Stimulation of the abomasal nerve alone had no 


_ effect on blood pressure, respiration or swallowing. The inhibition remained 


after bilateral section of the splanchnic nerves but was eliminated by section 
of the ventral trunk of the vagus cranial to its division into the various 


- abdominal branches. Stimulation of the central end of the ventral vagus 
Nerve then produced inhibition. 


_ Effect of section and stimulation of the splanchic nerves 


The action of sympathetic nerves on the oesophageal groove musculature 


__ Was examined by noting the effect of bilateral section of the splanchnic nerves 
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on the reflex contraction and by stimulating the peripheral end of these nerves, 
before and after removal of the adrenal glands: The nerves were cut immedi- 
ately after decerebration,. before the abdominal viscera were exposed: — 

When both splanchnic nerves had been divided, marked activity of the 
small intestine was observed immediately after the laparotomy. The reticulum 
was also active, but the contractions were localized to small groups of muscle 
fibres and never developed into a synchronous contraction of the whole organ. 
In contrast when the splanchnic nerves were left intact, activity of this type 
did not appear in either the small intestine or the reticulum until at least 
30-45 min. after opening the abdominal wall, and was never as intense. 

Immediately after the laparotomy had been completed, in the preparations 
in which both splachnic nerves had been cut, the lips of the oesophageal groove 
were in a state of slight sustained contraction which gradually increased with 
time and which was abolished by section of the dorsal abdominal vagus nerve. 
The reflex contraction was superimposed upon this slight sustained contraction, 
but the succeeding relaxation in many cases, although prolonged, was complete ; 
the tonic contraction gradually returned within the course of a few minutes 
(Fig. 7). | 

Stimulation of the peripheral end of both splanchnic nerves did not affect 
the reflex contraction of the oesophageal groove induced by stimulation, at 
the same time, of a superior laryngeal nerve. The rapid blanching of the 
mucosa of the reticulum adjacent to the groove, the rise in blood pressure and 
the abolition of the slight continuous contraction or tone of the groove showed 
that stimulation of the splanchnic nerves had been effective. An inhibition, 
following splanchnic nerve stimulation, could be demonstrated, by noting the 
effects on a series of reflex groove contractions in a similar manner to that used 
with the abomasal nerve. When the splanchnic nerves were stimulated for 
10-40 sec., a reflex contraction of the groove which occurred during this period 
remained unchanged but that which followed about 90-150 sec. later was 
either partially or completely inhibited (Fig. 8). A partial inhibition remained 
_ for 7-9 min. after cessation of the stimulation of one or both splanchnic nerves. 
_ During prolonged stimulation of the splanchnic nerves the inhibition of the 
oesophageal groove gradually diminished and then, in several experiments, 
completely disappeared. The first sign of the reduced inhibition was the gradual 
return of a maximal contraction of the groove with a more rapid relaxation, 
so that the contraction of the groove followed more closely the period of 
afferent nerve stimulation. Thereafter the slight tonic contraction of the groove 
returned and cessation of stimulation had no effect, on the time course of the 
reflex contraction (Fig. 7). The duration and intensity of the inhibition during 
prolonged splanchnic nerve stimulation varied with preparations of different 
ages. This was. shown most clearly by comparing the effects of successive 
periods of splanchnic stimulation. In animals from 3-5 days old the period of 
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Fig. 7. Decerebrate calf. Prolonged stimulation of both splanchnic nerves. Records from above downwards, oesophageal groove, swallowing, 


blood pressure, stimulation of both splanchnic nerves (Spl.), with coils at 10 cm. Stimuli to swallowing (60 ml. water/15 sec.) indicated 


by arrows. Time 5 sec. 
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stimulation required before the inhibition disappeared in most experiments 
was about 10 min. and never exceeded 15 min. A second period of stimulation 
after an interval of 50 min. produced only a very slight and much more 
transient inhibition. In the older animals, from 10-14 days of age, the 
inhibition from the first period of prolonged stimulation persisted for 15-21 
min., and a definite although reduced inhibition resulted from a second period 
of prolonged splanchnic stimulation. Thus in an experiment on a calf aged 
14 days, the inhibition persisted with the first period of splanchnic stimulation 


Fig. 8. Decerebrate calf. Short period of stimulation of both splanchnic nerves. Records in same 
sequence as in Fig. 7. Coil distances for stimulation of splanchnic nerves (Spl.) 10 cm. 
Stimuli to swallowing (water 50 ml./15 sec.) indicated by arrows. Time 10 sec. 


for 21 min. When the prolonged stimulus was repeated after 55 min. the 
inhibition which developed persisted for only 10 min., and did not amount to 
a total inhibition at any stage. The pressor effect was similar in both cases. 
The relation of the rise of blood pressure, which followed splanchnic stimula- 
tion, to the inhibition of the oesophageal groove musculature varied according 
to the duration of the stimulus to the splanchnic nerves. With short periods 
the inhibitory effect outlasted the pressor effect (Fig. 8). With prolonged 
periods of stimulation, however, the rise in blood pressure continued after the 
inhibition of the groove musculature had ceased. The secondary component 
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of the pressor response, due to stimulation of the adrenal medulla, gradually 
failed although the effect was masked to some degree by the reflex response to 
increased blood pressure (Fig. 7). | 

The inhibitory effect of splanchnic stimulation on the reflex contraction of 
the oesophageal groove was abolished by removal of the adrenal glands; the 
pressor effect and blanching of the reticular mucosa remained. This was 
demonstrated more clearly by dividing the splanchnic nerves on both sides 
and removing the adrenal on one side before stimulating one or other of the 
splanchnic nerves. 


Fig. 9. Decerebrate calf. Effect of adrenaline. Records from above downwards, oesophageal 
groove, swallowing, blood pressure, injection (Adr.), water into mouth (W) also indicated 
by arrows, time 10 sec, At Adr. 250 yg. L-adrenaline was injected intravenously. 


Both adrenaline and noradrenaline on intravenous injection inhibited the 
musculature of the oesophageal groove in a similar manner to that found with 
stimulation of the splanchnic nerves (Fig. 9). The intravenous injection of 
equal doses of these substances showed that the inhibitory action of adrenaline 
was slightly more prolonged than that of noradrenaline, although a similar 
pressor response was obtained with the same dose of each substance. 


DISCUSSION 


The use of decerebrate preparations has provided direct evidence for the reflex 
nature of oesophageal groove contraction in young ruminants. The reflex and 
the factors which affect it have only been studied in detail in calves, and in this 
species at least fibres in the dorsal abdominal vagal trunk are the principal 


efferent nerves to the musculature of the groove. Of all possible afferent fibres 
15—2 
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from the pharynx only those in the superior laryngeal nerve consistently 
caused groove contraction on stimulation. The afferent fibres may well be — 

restricted to this nerve although the introduction of water into the mouth 
after unilateral section of one superior laryngeal nerve was more effective than 
maximal stimulation of the divided nerve in producing a reflex contraction. 

This greater efficiency of the normal sensory stimulus when compared to 
stimulation of the afferent nerve trunk is a common property of reflexes 
(Sherrington, 1906). 

The experiments may, in part, be regarded as an extension of those of 
Miller & Sherrington (1916) to include a study of the visceral reactions which 
occur with reflex swallowing. In the young ruminant, reflex swallowing and 
closure of the oesophageal groove are closely integrated with one another 
although the mechanical movements of one reflex response can be abolished 
e.g. by section of efferent nerves, without affecting the other. This synchronism 
was shown by the parallel inhibition and rapid recovery from inhibition of 
both groove contraction and swallowing due to stimulation of the glossal 
branch of the glossopharyngeal nerve. 

Contraction of the oesophageal groove is one part of a co-ordinated series of 
reflex responses, and Watson (1944) has pointed out that at least a relaxation 
of the reticulo-omasal orifice and other parts of the omasum is necessary for 
a free passage of liquid directly to the abomasum. In the experiments reported 
in this paper no records were taken of the movements of other parts of the 
stomach but the ridge between the rumen and reticulum contracted at about 
the same time as the groove. We have also observed, in decerebrate calves, 
especially after bilateral section of the splanchnic nerves, an increase in the 
activity of the small intestine on stimulation of the superior laryngeal nerve 
similar to that reported by Andersson, Langren, Neil & Zotterman (1950) in 
cats under chloralose anaesthesia. 

While glossopharyngeal nerve stimulation inhibited respiration, reflex swal- 
lowing and closure of the oesophageal groove, the inhibition due to stimulation 
of the central end of the abomasal branch of the ventral vagus only abolished 
the visceral reflex response. The inhibition from the two sources differed in 
other respects; that from the abomasal nerve was characteristically slow in its 
onset and prolonged in its effect. The inhibition remained after bilateral 
section of the splanchnic nerves and thus it probably results from depression 
of a centre in the brain stem. The sensory receptors which normally stimulate 
the abomasal nerve have not been studied, but Phillipson (1939) reported that 
in the adult animal distension of the abomasum abolished contractions of the 
reticulum. The phenomenon may not be restricted to species with a compound 
stomach, since Veach (1925) found that stimulation of the central end of the 
divided vagus in decerebrate cats inhibited movements of the fundic part of 
the stomach, and Harper & Vass (1941) noted the inhibitory effect of stimula- 
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tion of the central end of the ventral vagus on pancreatic secretion. More 
experimental evidence is required before a full interpretation can be given, 
but the inhibition of groove contraction may be part of a general mechanism 
in which stimulation of one region of the stomach modifies the reflex response 
of another, the integration of all the reflexes resulting in the activity which 
normally occurs. If this is the case, such an action may provide an explanation 
for the observation that the oesophageal groove does not as a rule contract 
in the adult unless a conditioned reflex has been established and maintained 
by training the adult animal to continue suckling. 
The failure of the oesophageal groove to contract in the adult may also be 
due, in part, to an increase in the action of the sympathetic nervous system. 
In our experiments stimulation of the splanchnic nerves of calves up to 7 days 
old had only a slight and rapidly diminishing inhibitory action on the reflex 
contraction of the oesophageal groove. In this respect the reflex contraction 
differed from the increased tone which in many experiments followed section 
of the splanchnic nerves and which rapidly diminished either on stimulation 
of the splanchnic nerves or on the injection of adrenaline. Apart from this, no 
evidence was obtained which suggested a sympathetic innervation to the 
groove musculature with a direct inhibitory action. Characteristically the 
inhibition was delayed in onset and of comparatively short duration although 
the immediate effects, including blanching of the adjacent mucosa of the 
reticulum, demonstrated that the stimulation of the splanchnic nerves was — 
effective. The reduction in the inhibition after removal of the adrenal and the 
delay in onset suggest that the secretion of the adrenal medee: was responsible 
for much of the inhibitory action. 

In older calves the inhibition was more prolonged but even in these its 
diminution was more rapid than that reported by Dye (1935) for the pressor 


response and contraction of the nictitating membrane in the adult cat with 


continuous stimulation of the splanchnic nerve. He found that both the pressor 
response and contraction of the nictitating membrane remained after con- 
tinuous stimulation for 160 min. Even after ligation of the adrenals the 
responses remained for at least 30 min. of continuous stimulation of a splanchnic 
nerve. This can be compared with the disappearance of the inhibitory effect in 
the young calf with adrenals intact and with similar forms of stimulation after 
15 min. The phenomenon would appear to be associated with the youth of the 
animals and may be analogous with the results of Bauer (1938, 1939) who did 
not find @ sympathetic action on the heart of young rabbits during asphyxia 
until 11 days after birth. | 

The point at which the failure occurred on continued stimulation of the 
splanchnic nerve cannot be deduced from the data of the preliminary investiga- 
tions reported here. The adrenal glands of young calves contain a higher 
i es of noradrenaline to adrenaline than those of adult animals (Holton 
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1951). Noradrenaline also inhibited groove contraction when injected intra- 
venously so that release of this compound cannot provide the whole explana- 
tion. The diminution in response may have been exaggerated by stimulation 
of the adrenal medulla reflexly and by decerebration under ether anaesthesia 
(Elliott, 1912a, 6). On the other hand, the splanchnic nerves were cut before 
the laparotomy, that is at least 2 hr. before they were stimulated; in any case 
the effects of ether anaesthesia on the adrenal medulla do not explain the — 
results obtained with calves of different ages. 

Much of the experimental work on the oesophageal groove in the last few 
years has been concerned with the curious action of copper salts which, when 
given in small amounts to young adult ruminants in which a conditioned reflex 
has not been established, facilitate the closure of the groove after swallowing 
in a large proportion of animals (Clunies Ross, 1931; Watson & Jarrett, 1944). 
This action of copper salts was not studied in any great detail in the experi- 
ments reported here as it was apparent that, in the decerebrate preparations 
of young animals at least, copper salts had no greater effect than water in 
stimulating reflex contraction of the groove. The action of the copper salts 
may be due to some change in the sensation from the mouth, which is not 
effective in the decerebrated animal.‘’In our experiments solutions of the 
copper salts rapidly cleared the mucous membrane of the mouth and fauces 
by precipitating the mucus. It has also‘been reported that in man tobacco has 
a sweet taste after rinsing the mouth“with weak solutions of copper salts 
(Winton & Bayliss, 1948). Before an‘ explanation can be given for the action 
of copper salts more information is required on the factors which may affect 
reflex contraction of the oesophageal groove in the adult animal. . 

The activity of the oesophageal groove has been compared, especially in the 
older literature, with that of the homologous structure, the magenstrasse or 
gastric canal, of the simple stomach (Babkin, 1950). The function of the 
magenstrasse is now thought to be insignificant, at least in adults (Alvarez, 
1939). The experiments reported here may offer a clue to its function in species 
with simple stomachs but this cannot be considered in detail until further 
experimental evidence is available. 


SUMMARY 


1. The reflex nature of the oesophageal groove contraction has been 
examined in decerebrate preparations of young ruminants. The reflex arc and 
the factors which affect it have been studied in detail in young calves up to 
fourteen days old. 

.2. The superior laryngeal was the only afferent nerve which, on stimulation, 
consistently produced a reflex contraction. The entry of water into the 
posterior part of the mouth was a more effective stimulus to reflex contraction 
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- than stimulation of this nerve. The efferent fibres were confined largely to the 


dorsal abdominal vagus nerve. 

3. The reflex contraction of the oesophageal groove was associated with 
swallowing but occurred after the bucco-pharyngeal movements had been 
abolished by section of the appropriate nerves. 

4. Stimulation of the central end of the glossal branch of the glosso- 
pharyngeal nerve inhibited swallowing, respiration and the reflex contraction 
of the oesophageal groove. Both swallowing and groove contraction rapidly 
recovered on cessation of the stimulus. 

5. Stimulation of the central end of the abomasal nerve inhibited reflex 
groove contraction but not swallowing or respiration. The inhibition was slow 
in onset and remained after bilateral section of the splanchnic nerves. 

6. The inhibition which followed splanchnic stimulation was also slow in 
onset and progressively diminished with continued stimulation. The duration 
of the inhibition was increased in older animals. No evidence was found for 


the presence of a sympathetic innervation directly inhibitory to the groove 


musculature. 

7. Contraction of the groove as a result of reflex excitation or direct 
stimulation of the dorsal vagus nerve was abolished by small doses of atropine. 
Reflex contraction was inhibited by the intravenous injection of adrenaline 
and noradrenaline. 


We are indebted to Dr C. L. G. Pratt for his helpful criticism of the manuscript. We also wish 
to acknowledge gratefully a Research Training Grant from the Animal Health Trust to one of us 
(D. A. Titchen) during part of this work and later a grant from the Agricultural Research Council. 
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EFFECT OF CURRENT FLOW ON THE MEMBRANE 
POTENTIAL OF CARDIAC MUSCLE 


| By SILVIO WEIDMANN* 
From the Physiological Laboratory, University of Cambridge 
(Received 4 June 1951) 


Microcapillaries with an external tip diameter of 0-5. (Ling & Gerard, 1949) 
can be inserted into single fibres of the cardiac syncytium and may be used to 
record resting and action potentials. The technique has so far been applied to 
the frog ventricle (Woodbury, Hecht & Christopherson, 1951) and to ‘false 
tendons’ of the dog and kid heart (Draper & Weidmann, 1951). The conductive 
system of the kid contains typical Purkinje fibres which are larger in diameter 
(40-100.) than ordinary heart muscle fibres and which are only slightly 
contractile. In this preparation it is possible to insert two microelectrodes 
‘into the same fibre and to leave them intracellular for many minutes. Polarizing 
current can be applied through one electrode and the change in membrane 
potential resulting from current flow recorded through the other electrode. 
The present paper contains an account of experiments designed to investigate 
the cardiac action potential by applying suitable pulses of current at various 
stages in the cardiac cycle. | 
| METHOD 
The method was the same as that described in an earlier paper (Draper & Weidmann, 1951). 
Fig. 1 shows the essential elements of the recording and polarizing circuit. 


RESULTS 
Impedance changes in the course of the cardiac cycle 
The relative-magnitude of the membrane resistance was measured in the 
following way: square pulses of polarizing current were applied through a first 
pair of electrodes placed on opposite sides of the surface membrane (Fig. 1). 
Potential changes resulting from current flow were recorded by a second pair 
of electrodes in a similar position. No voltage changes were observed when 
the tip of the recording microelectrode was just extracellular. This indicates 
that the voltage changes recorded from the inside of a cell were localized at 


* Present address: Department of Physiology, University of Berne, Switzerland. 
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the fibre membrane. Their amplitude was used to estimate changes in membrane 
resistance. 

The action potential of Purkinje tissue of the kid consists of an initial spike 
followed by a plateau and a phase of repolarization (Draper & Weidmann, 
1951). During the period of mechanical rest there is generally some slow 
depolarization. In the present series of experiments the upstroke of the action 

- potential was used to trigger the time base so that successive traces could be 
superimposed. The initial spike then appeared extended over the flyback of 
the sweep cycle while the plateau of the action potential, the phase of repolariza- 


tion and the changes su diastole could be seen on the time base i in the usual 


Fig. 1. Diagram of experimental arrangement. PH =polarizing electrode. RE =recording 
electrode. DCA =push-pull cathode follower and differential d.c. amplifier. R=high speed 
relay (Carpenter 3G2). P=potentiometer with 10 steps of 10kQ. . 


A typical experiment is illustrated in Fig. 2 which was made by exposing 
the film for twenty cycles of activity. During this period rectangular pulses 
of anodal current lasting 40 msec. were applied to the membrane at a frequency 
of about 12 cyc./sec. These pulses were not synchronized with the action 
potential and therefore occurred at many different times in the cardiac cycle. 
The upper edge of the superimposed traces corresponds to an action potential 
in the absence of applied current while the lower edge represents action 
potentials displaced by anodal current. During diastole the process of 
charging and discharging the membrane was half complete in about 20 msec. 
At the crest of activity the half time was shorter than 1'msec. The breadth of 
the band in Fig. 2 was used as a qualitative index of the membrane resistance. 

The interpretation of this experiment is as follows: (1) During diastole the 
slow depolarization is associated with an increase in membrane resistance. 
(2) At the height of the spike the membrane resistance is greatly decreased. 
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(3) The resistance recovers during the few milliseconds between the crest of 
the spike and the beginning of the plateau. (4) During the plateau the 
resistance is comparable to that in diastole and increases as the phase of 
repolarization is approached. (5) The shortening of the time constant suggests 
that cardiac muscle is similar to other excitable tissues in that the membrane 
capacity changes less than the membrane resistance (cf. Cole & Curtis, 1939). 


Fig. 2. Impedance changes in the course of the cardiac action potential. Voltage calibration in 
steps of 10 mV. Time marks for left-to-right movement of the cathode ray at intervals of 
100 msec. Duration of flyback of sweep cycle approx. 12 msec. : 


A rough estimate of the change in membrane resistance may be obtained 
from the equations of cable theory. For this purpose a relation used by 
Hodgkin & Huxley (1947) was employed in the following form 


=log, B+ (1) 
where V,=amplitude of the electrotonic potential 

1 =distance between leading-in and recording electrode 

A =space constant of the fibre in diastole 

f? =ratio of membrane resistance in diastole and at crest of spike. 
In practice it was convenient to use the ratio of current strengths required to 
produce the same potential change instead of the ratio of potentials produced 
by current of the same strength. In the experiment illustrated by Fig. 3 the 
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ratio of current’ strengths was 22 and the electrode distance 0-33 mm. The 
space constant was not determined on this fibre but averaged about 2 mm. in 
other experiments (Weidmann, in preparation). With these figures equation (1) 
indicates a resistance ratio of 56:1. This ratio is subject to the following sources of 
error: (a) The measurements were not made on a uniform fibre of infinite length 
but on one which fused into other fibres of the syncytium at a distance of one or 


Fig. 3. Potential changes due to square pulses of polarizing current applied in the middle of 
diastole. The record shows on the left the phase of repolarization, on the right the upstroke 
of the action potential. Seventeen traces are superimposed. Relative strength of polarizing 
current reading from bottom to top: 10, 9, 8, 7, 6, 5, 4, 3, 2, 1, 0, -1, -2, -3, -4, -5, -6. Time 
marks at intervals of 100 msec. 


two diastolic space constants. (b) Equation (1) applies to a fibre which is thin 
compared to its space constant. This approximation was entirely satisfactory 
in diastole but may have introduced some error at the crest of the spike since 
the space constant is then only about twice the fibre diameter. (c) Charging 
of the membrane capacity by the current pulses was only about 90% complete 
— These three sources of error tend to make the estimated ratio 
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Fig. 3 shows. family of electrotonic potentials: produced by square pulses 
of constant current which were timed to fall at.a constant phase of the cycle. 
_ Successive traces were superimposed by synchronizing the sweep circuit with the 
upstroke of the action potential. It, can be seen that anodal currents of 
increasing: strength give changes in membrane potential smaller than those 
expected on the assumption of a constant membrane resistance. On the other 
hand the depolarization produced by a given increment of cathodal current 
increased continuously as the threshold was approached. The strongest 
cathodal current initiated an extrasystole. The cathodal part of the record 
looks strikingly similar to the curves obtained on invertebrate nerve (Hodgkin 
& Rushton, 1946) and skeletal muscle (Katz, 1948). One respect in which 
it differs is that the time course of the potential after the break of the | 
current exhibits the phenomena of postcathodal depression and postanodal 


- enhancement, 
Peculiarities of the pacemaker region 

The pacemaker was localized by recording simultaneously from two intra- 
cellular electrodes and by shifting the one nearest the point of origin of the 
spike until it gave the earliest upstroke. At this point the action potential 
was regularly found to have a slow upward curvature preceding the most 
abrupt part of the rising phase. This feature was absent or less marked in 
other parts of the fibre. It was also found that, in this region, application of _ 
a square pulse of subthreshold cathodal current increased the duration of 
diastole, presumably as a result of postcathodal depression, while the opposite 
effect was observed after the break of an anodal current. If strong enough 
the cathodal current evoked an extrasystole. These features are illustrated in 


ig. 4. 
“ag Propagated wave of repolarization 

In the experiment illustrated in Fig. 5 square pulses of anodal current were 
applied during the upstroke of the action potential and terminated at the 
beginning of the plateau. The current strength was increased in seven steps 
of equal increment. After the break of steps 1-4 the cathode-ray tube beam 
followed its usual course. With strength 5 a short spike preceded the return to 
the plateau. This overshoot became slightly larger after the break of strength 6 
and appeared with a longer latency. An unexpected event appeared when 
a current of strength 7 was broken. The membrane potential did not return 
to the plateau but stayed near its resting level. The height of the short spike 
could be altered continuously by changing the current strength over a limited 
range, On the other hand, the reversal of the plateau seen in 7 was an all-or- 
nothing event which had a definite threshold. This all-or-nothing repolarization 
was observed regularly in nine different kid hearts. The conditions for obtaining 
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_ Fig. 4. Superimposed traces from the pacemaker region showing changes in membrane potential 
produced by square pulses of cathodal current (relative strength 0, -1, -2, -3, 4). Time 
marks at intervals of 100 msec. 


Fig. 5. Potential changes produced by square pulses of anodal current applied at the beginning 
of the action potential. Recording electrode close to the polarizing electrode (0:2 mm.). 
Relative strength of current from above downwards: 0, 1, 2, 3, 4, 5, 6, 7. Time marks at 
intervals of 200 msec. 
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it were that the current pulses should be of sufficient strength and that they 
should last for more than the first quarter of the action potential. 

In the experiment illustrated in Fig. 6 the distance separating the recording 
from the leading-in electrode was 4-2 mm. instead of 0-2 mm. as in Fig. 5. 
Square pulses of polarizing current were timed to coincide with the middle of 
the plateau. If these were less than a certain strength, they produced small 
and graded repolarizations, presumably by passive cable-like spread. How- 
ever, above a certain strength a maximal repolarization was produced at 
a definite threshold, A comparison of records obtained from various distances 


Fig. 6. Effect of polarizing current on a region at some distance from the leading-in electrode 
(4:2 mm.). Square pulses of anodal current lasted from a to b. Ten traces are superimposed ; 


relative strengths of current from above downwards: 0, 1, 2, 3, 4, 5, 6,7, 8,9. Time marks = 


at intervals of 100 msec. 


indicated that the subthreshold potentials spread with a decrement while the 
all-or-nothing repolarization was propagated without decrement as an ‘off- 
response’, Attempts to determine the velocity of this off-response were not 
entirely successful but indicated that it was much lower than that of the normal 
Spike. It is therefore to be expected that the ‘off-response’ would disappear 
at a large conduction distance since it would be overtaken by the normal 
process of repolarization which occurs at a fixed time after the beginning of 
the spike. However, this point could not be verified since the total length of 
the fibres was insufficient for such an experiment. 


DISCUSSION 

The finding that the spike is associated with a profound decrease of the 
membrane resistance agrees with similar results obtained on the alga Nitella 
(Blinks, 1936; Cole & Curtis, 1938), the giant axon of the squid (Cole & Curtis, 
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1939), skeletal muscle (Katz, 1941) and myelinated nerve (Tasaki & Mizuguchi, 
1949). Previous impedance measurements on cardiac muscle: have led to 
controversial results. Rapport & Ray (1927) recorded: an impedance fall 
during the. isometric contraction. of a. cannulated: tortoise ventricle while 
Rosenblueth & del Pozo (1943) measured a systolic impedance rise in strips 
of turtle ventricle contracting isometrically. Itis-felt that the results obtained 
with hearts of cold-blooded animals should not be compared with the findings 
reported here for a mammalian preparation. For in Purkinje fibres of the kid 
the impedance fall is limited to the initial spike while there seems to be no 
such spike in the monophasic action potential of the turtle ventricle (Eyster & 
Meek, 1942), nor in that of the frog ventricle (Woodbury e¢ al. 1951). 
Recent experiments with nerve and muscle indicate that the rising phase of 
the action potential is brought about by an increase in permeability which 
allows sodium ions to enter the fibre at.a high rate (for references see Hodgkin, 
1951; Huxley & Staémpfli, 1951). It has also been suggested that repolarization 
during the falling phase occurs for two reasons (Hodgkin, Huxley & Katz, 1949; 
Hodgkin & Huxley, 1950). In the first place sodium entry is reduced by an 
inactivation process which decreases the permeability to this ion. In the 
second, the exit of potassium ions is accelerated by a rise in potassium perme- 
ability. Experiments described in a previous paper (Draper & Weidmann, 


1951) suggest that the rising phase in cardiac muscle depends.on an increase _ 


in sodium permeability and this conclusion is consistent with the present 
finding of a large increase in membrane conductance during the spike. The 
falling phase of the cardiac action potential is so different from that of nerve 
that it is doubtful if a hypothesis developed for the one tissue can be applied 
- to the other. But it is interesting to consider briefly whether the general 
mechanism suggested for nerve is applicable to the present results. In order 
to explain the prolonged phase of depolarization one may suppose either that 
there is a long delay in the process which inactivates sodium permeability 
(Pyq) or that the rise of potassium permeability (Pz) is greatly retarded. It is 
also possible that one or other of these processes may be entirely absent, or 
that one or other may occur in two stages. During the plateau the membrane 
potential is not far from zero, indicating that Py, is approximately the same 
as Px. This situation might arise because P; has remained at its resting level 
whereas Py, has fallen from the high value which it attained at the crest of 
the spike. Or it might arise because Py has risen to the high value attained 
by Py, during the spike. The first suggestion would be consistent with a rapid 
but incomplete inactivation and a slow rise in Px, the second with a slow 
inactivation and a rapid rise in Py. It can be seen that only the first of these 
suggestions is compatible with the impedance measurements reported in this 
paper. For the membrane conductance has been shown to fall to a low level 
at the end of the spike and to remain at a low level during the plateau. This 
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_ could not occur if repolarization from spike to plateau depended on an increase 
in Pg but is quite consistent with its being brought about by a decrease in 
Py,. Beyond this point it seems unwise to speculate further. It is perhaps 
worth adding that Purkinje fibres in a sodium-free saccharose medium showed © 
no sign of any ‘delayed rectification’ (Hodgkin et al., 1949) such as might be 
expected if there were a rise in potassium permeability. However, these experi- 
ments were not conclusive since the unsteadiness of the electrotonic potentials 
indicated that the application of relatively strong currents to a preparation 
in saccharose. solution may have damaged the membrane in some way. 

The ability of cardiac muscle to propagate an all-or-nothing wave of 
repolarization is a new but not entirely unexpected finding. In the ordinary 
way an excitable fibre starts with a high membrane potential and propagates 
a negative wave because local circuit currents depolarize the membrane to 
a threshold potential beyond which it tends to attain a new active level. 
Granted a suitable relation between threshold and amplitude of the propagated 
wave there seems to be no reason why an excitable fibre should not start with 
a low membrane potential and propagate a wave of repolarization by local 
circuit action. The velocity of propagation would not be the same as that for 
_ the wave of depolarization, one of the reasons being that the relation between 
threshold and amplitude would he different in the two cases. 


SUMMARY 


1. Polarizing current was caused to flow through the surface membrane of 
cardiac muscle by means of a microcapillary inserted into the myoplasm of 
a single Purkinje fibre of the kid. The membrane potential was recorded by 
means of a similar electrode inserted into the same fibre. ee 

2. The amplitude of the electrotonic potential produced by a relatively 
weak square pulse of current was-used to estimate the electrical resistance of 
the surface membrane. Impedance changes were recorded simultaneously 
with the action potential. During the greater part of systole (plateau of the 
action potential) the membrane resistance had values comparable to those 
found in diastole. But a profound fall in resistance was observed during the 
short spike at the onset of activity. 

3. ‘Graded activity’ could be demonstrated by applying cathodal current 
pulses of variable strength during diastole. The action potential of the pace- 
maker region was found to be characterized by a slow upward curvature 
preceding the steep part of the rising phase. 

4. The action potential could be ‘switched off’ by applying a relatively 
strong anodal current pulse. The off-response resembled the familiar on-response 
in that there was a definite threshold and that the response was propagated 
without decrement away from the stimulating electrode. 

PH. OXV. 16 
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5. The findings are discussed on the hypothesis that the rhythmical changes 
in membrane potential result from a succession of permeability changes to 
ions, particularly sodium. 
"This work was greatly helped by advice and criticism from Mr A. L. Hodgkin and Mr A. F. 
Huxley. To Dr R. S. Comline and collaborators I am indebted for kid hearts. The costs of the 
investigation were defrayed by the Rockefeller Foundation and the work was done during the 
tenure of a scholarship awarded by the Stiftung fiir Biologisch-Medizinische Stipendien, Basel. 
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EXPERIMENTS ON THE ADENOSINETRIPHOSPHATE 
CONTRACTION OF THE FROG’S RECTUS MUSCLE 


|  ByA.B.L.BEZNAK 
From the Department of Physiology, University of Birmingham* 
(Recewwed 6 June 1951) 


The adenosinetriphosphate (ATP) hypothesis of muscular contraction has 
} been developed in its present form by Szent-Gyérgyi and co-workers (Szent- 
Gyérgyi, 1947, with earlier refs. ; 1950) on the basis of biochemical experiments, 
and the effects of ATP on skeletal muscle of frogs and cats have been regarded 
as ‘physiological’ evidence for this theory. Buchthal and co-workers (Buchthal, 
Deutsch & Knappeis, 1944, 1946; Buchthal & Folkow, 1944; Buchthal & 
Kahlson, 1944) had found that ATP applied externally to a muscle causes 
! contraction. The effect was obtained after denervation as well as after 
curare. The conditions, however, for obtaining these ATP contractions 
appear not to be clear. On the frog’s gastrocnemius muscle, Abdon (1942) was 
unable to obtain contractions when ATP was injected arterially. Torda & Wolff 
|} (1946), on the other hand, obtained contractions of the frog’s rectus abdominis 
muscle suspended in Ringer’s solution containing ATP 1 x 10~* (about 0-002m) 
or more. Eserine did not influence the contractions, which were thought to be 
) due to an action of ATP on the contractile protein. Emmelin & Feldberg 
(1948) studied arterial injections of ATP on the cat’s tibialis anticus muscle. 
With large doses ‘weak contractions were obtained sometimes, but by no 
means always’, 

- In this present paper a comparison is made of the ATP contractions of the 
frog rectus muscle with those produced by acetylcholine. In addition, evidence 
} will be presented to show that it is not the ATP itself which produces the 
contraction, but that it releases from the muscle preparation acetylcholine or 
an acetylcholine-like substance which then in its turn elicits the contraction. 


METHODS 


The experiments were made throughout the year on frog recti of Hungarian and English R. esculenta 
of both sexes, Twin strip preparations were prepared, one from the left and one from the right 

* The experiments here recorded were begun in 1944 in the Physiological Institute of the 
University of Budapest, and partly in collaboration with Dr Zs. Gdspér-Rédy. When they were 
interrupted there, I had the privilege of continuing and completing the work at the Department 
of Physiology of the University of Birmingham. . 
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muscle. The strips, which were 30-50 mm. long, 3-4 mm. wide, and weighed 100-500 mg., were 
suspended in separate containers and their contractions recorded isotonically with frontal writing 
levers. The magnification was fivefold to sixfold. The composition of the bath fluid was: 
6°5 g. NaCl; 0-28 g. KCl; 0-12 g. CaCl,; 0-2 g. NaHCO,; 0-01 g. NaH,PO,; distilled water, | |. 
The pH of the solution was 6-9. The strips were suspended in 9 ml. of the solution, and the sub- 
stances to be tested were added in 1 ml. samples to the bath. At the beginning of each experiment 
the tension against which the strips had to contract was adjusted so as to produce 4-10 mm. 
shortening in response to a concentration of acetylcholine (usually 0-1 ug./ml.) which caused 
20-50% of maximal shortening. 

Three different preparations of ATP were used. One was supplied by Professor Szent-Gyérgyi and 
Dr Banga (Budapest), the second by Professor Buchthal (Copenhagen), and the third by Mr James 
Morgan (Cambridge). I should like to make grateful acknowledgement for these gifts. The ATP 
was converted from its Ca or Ba salt into its Na salt with sodium oxalate or sulphate respectively. 
All solutions and apparatus used for preparing the sodium salt were ice cooled. Acetylcholine | 


_ was used as bromide or chloride (British Drugs House or Roche Products), physostigmine as 


salicylate. The figures in the text always refer to the salt and not to the base. 

In a few experiments the acetylcholine content of the strips of frog recti was determined. For 
this purpose the muscle was extracted with 5% trichloroacetic acid, which was removed by ether 
and the solution aerated to remove all traces of ether. After neutralization, the solution was 
assayed on the eserinized frog rectus muscle (Chang & Gaddum, 1933; Bezndk, 1934). 

In several experiments the ATP was removed from the bath fluid and the latter was assayed for 
the presence of active substances, particularly for acetylcholine. For this purpose, the ATP in 
the fluid was removed by precipitation with barium according to the method described by Harpur 
& Quastel (1949). Their findings could be confirmed, that this procedure does not entail loss, or 
appreciable loss, of acetylcholine. The procedure of removing the ATP caused dilution of the bath 
fluid by about 50%. Therefore the final solution had to be readjusted by the addition of sodium, 
potassium and calcium chloride. It was shown that traces of barium or sulphate which might 
possibly remain in the solution did not interfere with the assay on the frog rectus. In concentra- 
tions of 10 mg./100 ml. they had no effect on the frog rectus; these concentrations are much 
higher than those that could possibly have been present in the bath fluid. 


RESULTS 


The effect of ATP was examined on 59 frog recti; 24 were insensitive to con- 
centrations up to 1 mm. and 35 responded with contraction, but the sensitivity 
of these to ATP varied greatly. The ATP contractions differed usually in three 
characteristic ways from the responses to acetylcholine. 

(1) Whereas with acetylcholine, graded responses are regularly obtained 
with increasing doses, this is the exception with ATP. In the majority of the 
recti examined the contraction obtained with the threshold dose is the same 
as that obtained with a 10 to 100,000-fold increased dose. For instance, in the 
experiment of Fig. 1, doses between 0-078 and 7800 ug. ATP produce practically 
the same degree of shortening; the response is thus of the ‘all or none’ nature. 
On such recti increasing amounts of ATP successively added to the bath 
without washing the muscle between the ATP additions have no effect, and 
the steady, slow contraction produced by a threshold dose continues at the 
same rate even when the dose is increased a hundredfold or more. This is 
illustrated in the experiment of Fig. 2, in which the effects of increasing 
amounts of ATP and of acetylcholine are compared with each other. 
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) (2) The maximal shortening produced by ATP is smaller than that produced 
4. by acetylcholine. A maximal acetylcholine contraction produces a shortening 
of the muscle of about 30%, i.e. about 12 mm.; whereas it is rarely possible 


O78 
29. ix. 44, 


Fig. 1. Contractions of frog rectus muscle in 10 ml. bath to 1 yg./ml. acetylcholine (at 1 and 8) 


and to varying doses of ATP (at 2-7). The figures on top of the ATP contractions represent 
the amounts in yg./bath (10 ml.). 


12.39 p.m. 12.44 p.m. 12.48 p.m. 12.51 p.m. 


Fig. 2. Contractions of twin frog recti to increasing doses of acetylcholine (upper tracing) or ATP 
(lower tracing) applied without renewal of the bath fluid. The figures on the bottom of the 
tracing refer to the time. W =renewal of bath fluid. 


| to produce shortening by ATP of more than 15%, i.e. 6mm. Fig. 3 gives as 
ordinates maximal ATP contractions in 35 frog recti; in most, maximal 
shortening is produced by the threshold concentration of ATP; in those in 
which graded responses were obtained, the ATP concentration in the abscissae 
refers to that which causes maximal contraction. 
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(3) In the majority of the*ecti, contractions produced by ATP proceed 
4-10 times more slowly than those produced by acetylcholine. In the experi- 
ment of Fig. 2, the acetylcholine contraction takes place in 50 sec., the ATP 
contraction in 500 sec. Fig. 1, on the other hand, is from a rectus muscle in 
which the contraction to ATP proceeds as quickly as that to acetylcholine. 
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Fig. 8. Maximal shortening of 35 frog recti to ATP expressed in mm. The abscissae give the doses 
of ATP used in the different experiments. In about two-thirds of the muscles the shortening 
was less than 2 mm., as indicated by the horizontal line. For details see text. 


The type of the ATP response can sometimes change in the course of an 
experiment. There is no strict relation between speed of contraction and the 
finding of an ‘all or none’ response, but the most frequent combination is an 
‘all or none’ response which proceeds slowly. 

There is no relation between the sensitivity of a preparation to ATP and to 
acetylcholine, as seen from the results of Table 1, in which the sensitivity to 
acetylcholine is represented by the dose of acetylcholine which produces 50% 
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of the maximal contraction. Some of the 21 muscles which are most sensitive 
| to ATP are those least sensitive to acetylcholine. 


Taste 1, Sensitivities of frog reoti to acetyleholine and ATP 


| Number of recti to varying 
pM. acetylcholine concentrations of (mm.) 
producing 50% , —— 

con i 0-001 0-01 01 1 100 
0-01 | 1 

0-1 1 1 

0-5 1 1 1 1 — 

10 11 2 3 2 6 

10-0 1 — 
100-0 1 1 — 

Total 15 6 4 4 6 


The sensitivity of a preparation is usually not affected by the time the 
| muscle has been suspended in the bath, but in three experiments in which the 
time required for setting up the preparation and applying the ATP was reduced 
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2.27 p.m. 2.38 3.08pm. 4.00 p.m. 
p.m. 
Fig. 4. Continuation of experiment of Fig. 2, 24 hr. later. Responses of the eserinized preparations 
to acetylcholine, ATP, and ‘ATP bath’. Eserine given at 1.27 p.m. till the end of the experi- 
ment. Time, lose, For details see text. 


| to a few minutes, an initial sensitivity to ATP Maisie within 30 min. 
No effect was found on the sensitivity of a preparation to ATP by altering the 
composition of Ca, Mg, K and Na ions of the bath fluid within physiological 
limits or by adding blood to the bath. Preceding ATP or acetylcholine con- 
tractions also did not alter the sensitivity to ATP. 

Eserine has a pronounced effect on the ATP contraction. When a muscle 
has been bathed in eserine 1x10-* for about an hour, it becomes more 
sensitive to ATP:.the contractions become several times stronger and, in 
addition, proceed more quickly. This is illustrated by the tracings of an 
experiment reproduced in Figs. 2 and 4. Fig. 2 gives the contraction to 2-66 Hg. 
ATP before, and Fig. 4 after the eserine treatment. The results of five experi- 
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ments are given in Table 2; in three of them eserine has increased the ATP 
contractions 2-6 to 21-5 times; but in two eserine has no effect. In one of these 
the muscle has been insensitive to ATP and remained so after the eserine 
treatment. This is not always so. Some muscles which do not respond to 
ATP in the absence of eserine do so after the eserine treatment. 


Taste 2. Effect of eserine 1 x 10-* on ATP contractions 


Contractions in mm. 
ATP r A 
concentration Without With % 
(ug-/ml.) eserine 

1-100 2 43 2150 

1 23 60 261 

100 2 21 1050 

l 2 2 0 

100 0 0 0 


p-Tubocurarine abolishes the ATP contractions. For instance, in one experi- 
- ment on a non-eserinized preparation, 0-2 mg. D-tubocurarine abolished the 
effect of. both 266 ug. ATP and 0-1 yg. acetylcholine. On eserinized preparations 
larger doses of D-tubocurarine (up to 5 mg.) are required to abolish ATP as 
well as acetylcholine contractions. 


_ The release of an acetylcholine-like substance by ATP 

During the ATP contraction, a substance appears in the bath fluid which 
has the properties of acetylcholine and is probably responsible, or responsible 
to a great extent, for the ATP contractions of the frog rectus muscle. 

To demonstrate the release of this substance, the ATP contraction was 
elicited in eserinized preparations. In the experiment of Fig. 4, the twin recti 
had been soaked for 1 hr. in Ringer’s solution containing eserine 1 x 10~° when 
ATP was added to the one (lower tracing) and acetylcholine to the other 
(upper tracing). The acetylcholine contraction reached its maximum in about 
3 min., the ATP contraction in about 10 min., when the bath was pipetted off 
and stored for re-testing. Both muscles were washed three times with 
eserinized Ringer’ s solution and allowed to relax. The stored bath fluid 
(referred to in the following as ‘ATP bath’) was then added to the upper 
muscle and, within about 10 sec., a contraction occurred which was stronger 
and proceeded more quickly than the previous ATP and even the acetylcholine 
contraction. It was so unlike a usual ATP contraction that it appeared 
unlikely to be the result of the presence of ATP. This was proved by the fact 
that the ‘ATP bath’ retained its contracting property after the ATP had been 
removed according to the procedure of Harpur & Quastel. This is illustrated 
in Fig. 4 on the lower tracing, which shows the strong quick contraction of the 
muscle on the addition of ‘ATP bath’ from which the ATP had been removed. 
Further experiments are recorded in Table 3, in which the size of contractions 
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obtained by “ATP bath’ before and after removal of the ATP is given in mm. 
These contractions are compared with those produced by -acetylcholine. 
Columns 4 and 5 give the acetylcholine concentrations in yg./ml. which were 
found to produce the same contraction as ‘ATP bath’. In the last six experi- 
ments the assay was made on two frog recti; on one ‘ATP bath’ was assayed 
against acetylcholine before, on the other after removal of the ATP. It will 
be seen that in most experiments the muscle stimulating effect of ‘ATP bath’, 
‘when compared with the effect of acetylcholine, has not decreased, or decreased 
only slightly after the ATP removal. When a muscle is very insensitive to 
acetylcholine, ‘ATP bath’ may be ineffective, but when it is tested after ATP 
removal on another muscle sensitive to acetylcholine, a strong contraction 
occurs. Such a result is obtained in Exp. 11 of Table 3. 


TaBLE 3. Contractions of frog rectus to ‘ATP bath’ (a) before and (b) after removal of ATP; 
eserine concentration of bath between 0-5 and 2 x 10-5 


Size of contraction Acetylcholine (yg./ml.) 
in mm. i the same 


ucing 
produced by contraction as 
ATP concentra- , A AW Recovery 

tion (yg./ml.) (a) (0) (a) (0) % 
460 1; 2 1; 2 0-210 0-040 20 
460 4; 11 3; 4 0-055 0-053 97 
650 14; 17 9 0-200 0-100 50 
27 3 3 0-018 0-010 56 
2700 2 2 0-080 0-070 88 
2700 ll 3 0-025 0-100 40 
60 es 2 0-160 0-160 100 
O06 8 7 0-010 0-010 100 
0-27 36. 15 0-050 0-045 90 
0-27 60 16 0-020 0-025 100 

2700 ee 33 0-000 0-137 
27-2700 - 44 6 0-060 0-075 125 
27-270 16 5 0-114 0-094 83 
27-27000 9 9. 0-014 0-027 193 
2700 3 4 0-018 0-060 320 
27-2700 23 19 0-150 0-070 47 


The contractions obtained with ‘ATP bath’ before and after removal of the 
ATP might be explained as follows: the contraction before removal of the ATP 
is due to ATP itself; the contraction after removal, to the fact that in the 
process of ATP removal the ‘ATP bath’ acquires new stimulating properties. 
This objection is met by the result of the following experiment. Eserinized 
Ringer’s solutions, to which either ATP or ATP with acetylcholine is added, 
are subjected to the treatment of Harpur & Quastel for removal of ATP. 
This results in a loss of about 20% of the added acetylcholine, but the samples 
to which no acetylcholine has been added cause either no contractions or very 
minute, slow ones, entirely different from the strong contractions produced 
with ‘ATP bath’ from which ATP had been removed. Negative results are 
also obtained when the Harpur-Quastel treatment is applied to eserinized 
Ringer’s solution which has been in contact with a rectus muscle for several 


3 
it 
aa 
“ 
+ 
{ 
t 
A 


244 A. B. L. BEZNAK 


minutes but without ATP, which is only added to the fluid after it has been 
pipetted off. Therefore, the contractions of ATP-free ‘ATP bath’ can only be 
due to a substance which was released into the bath fluid during hs action of 
ATP on the muscle. 

_ The fact that ATP contractions were potentiated by eserine and abolished 


by D-tubocurarine suggested that the substance appearing in the bath fluid — 


during an ATP contraction might be acetylcholine itself, and that the 
stimulating effect of ATP on the frog muscle was brought about indirectly 
by this mechanism. The conclusion that the released substance is probably 
identical with acetylcholine i is strengthened by the following findings. 


_ (1) The presence of eserine in the bath during the ATP contraction facilitates a 


the demonstration of the stimulating effect obtained with ‘ATP bath’ after 
removal of ATP. 


5.35pm. 5.38 p.m. 5.40 p.m. 5.43 p.m. 


Fig. 5. Continuation of experiment of Figs. 2 and 4, about 1} hr. after Fig. 4. Effect of p-tubo- 

curarine (T-C) on contraction produced by ATP-free ‘ATP bath’ (lower tracing). The upper 

(W.Es.-R). 
(Time, 10 sec.) 


(2) A muscle contracted by ATP-free ‘ATP bath’ relaxes quickly when the 
Ringer’s solution is renewed (see Fig. 5). The relaxation proceeds as quickly 
as the relaxation which follows an acetylcholine contraction en washing out 
the acetylcholine. 

_ (3) Eserine augments, but p-tubocurarine and atropine abolish or reduce 
the contractions produced by ‘ATP bath’. These experiments were performed 
with ‘ATP bath’ before and after removal of ATP. For instance, Fig. 5 shows 
_ the effect of p-tubocurarine, and Fig. 6 of atropine, on the contractions 


produced by ‘ATP bath’ after ATP removal. The concentration of atropine -_ 


used in this experiment was that shown by de Elio (1948) to be characteristic 
for antagonizing an acetylcholine effect on the frog rectus. 
_ (4) The ATP-free ‘ATP bath’ loses its stimulating effect after it has been 
boiled for a minute in-alkali. 
The appearance of acetylcholine or of an acetylcholine-like substance in the 
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bath fluid by the action of ATP on the muscle is not associated with a cor- 
responding diminution in the acetylcholine content of the muscle. This is shown 
as follows. Twin recti from a frog are suspended in separate baths..To one 
ATP is added, to the other acetylcholine in an amount sufficient to contract 
the muscle as strongly as its twin. At the height of the contractions, the 
muscles are removed, blotted between filter paper, extracted with trichloro- 
acetic acid and assayed for acetylcholine. Furthermore, the acetylcholine 


sec, 


5.09 p.m. | ~~ $.21 p.m. 5.28 p.m. 5.52 p.m. 


Fig. 6. Effect of atropine on the contractions of eserinized twin frog recti to ATP-free ‘ATP 
bath’ (upper tracing) and to acetylcholine (lower tracing). At 5.28 p.m. 700 yg. atropine. 
(Time, 10 sec.) 


TaBe 4, Effect of ATP contraction on acetylcholine content of frog rectus muscle . 


pg. acetylcholine (a) in ‘ATP bath’; (b) in muscle extracted during ATP contractions; (c) in 
twin muscle extracted during acetylcholine contraction. In all but the first and the last experi- 
ment, the values for acetylcholine are the meen of two determinations on twin preparations. 


(a) (c) 
1 0-9 1-9 0-9 
1-1 0-65 1-75 0-4 
0-16 0-55 0-71 0-75 
0-40 0-08 0-48 0-35 
0-97 0-55 1-52 0-48 
1-2 0-66 1-88 0-58 
1-37 0-18 1-55 0-32 


content of the ‘ATP bath’ is assayed after removal of its ATP. The results of 
seven such experiments are given in Table 4; in four of these the muscle 
treated with ATP contains either as much as, or more, acetylcholine than its 
control twin; in the remaining three it contains less. But even in two of these 
the acetylcholine of the muscle plus that of ‘ATP bath’ is higher than that of 
the control muscle. Table 4 illustrates, further, that ‘ATP bath’ usually 
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contains several times more acetylcholine than the muscle. From these results 
it must be concluded either that the acetylcholine is released from the muscle 
by the ATP and at once replaced by synthesis, or that acetylcholine is 
synthesized when ATP is brought in contact with the muscle, and that this 
excess = is then at once released. 


DISCUSSION 


If a frog rectus muscle is made to contract by the administration of ATP, it 
has been found that the eserinized Ringer’s solution in which it is immersed 
becomes itself capable of. stimulating muscles; this is due to the presence 
of acetylcholine or an acetylcholine-like substance. The question is raised, 
therefore, whether ATP causes the muscle to contract as a result of its leading 
to the release, or formation, of acetylcholine. Several of the findings presented 
_in this paper are in favour of such an interpretation of the ATP contraction: 
for instance, the observation that the ATP contraction is augmented by eserine 
but abolished by D-tubocurarine and atropine under the same conditions as an 
acetylcholine contraction. 

Although no complete pharmacological identification was made of the 
muscle stimulating substance appearing in the bath under the action of ATP 


on the muscle, all tests so far applied are in agreement with the conclusion 


that the substance is acetylcholine itself. Other possible substances to be 
considered are phosphoryl! or organic choline esters, pyrophosphorylaneurine 
and inorganic pyrophosphate. All phosphoryl esters, including those of 
choline and aneurine, can be excluded because they are probably removed by 
the Harpur-Quastel treatment. In addition, phosphorylcholine is 1000 times 
less active than acetylcholine (Bezn4k & Chain, 1936) and pyrophosphory]- 
aneurine contracts the frog rectus only in concentrations of 1 x 10-? (Torda & 
Wolff, 1944). Such high concentrations could not have been liberated from the 
muscle, especially not in those experiments in which the ATP concentrations 
used for producing contraction were low, since the ATP would be the phosphate 
donor. The possibility of pyrophosphate being the stimulating substance had 
to be considered because it causes contraction in a concentration of about 
15 ma. (Buchthal ¢ al. 1944) and could be split off from ATP by an apyrase 
system which is present in frog muscle (Steinbach, 1949). The slowness of the 
ATP contraction, in contrast to the quick contraction produced by ‘ATP bath’, 
could then be explained by a gradual splitting off of this small and quickly 
moving molecule of pyrophosphate. The effects of eserine, curare and atropine 
on the contractions produced by ATP-freed ‘ATP bath’, however, would be 
difficult to explain if the substance were inorganic pyrophosphate. The effects 
of these drugs, on the other hand, would be accounted for if the substance 
were acetylcholine. The fact that the substance is sensitive to alkali also speaks 
for acetylcholine and against. pyrophosphate. 
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The results of the present experiment do not indicate the site of the ATP 
action, whether the acetylcholine is derived from the motor nerve endings or 
from the muscle fibres. As has been mentioned before, the ATP may either 
act by releasing the acetylcholine which is then replaced by synthesis, or by. 
stimulating synthesis with subsequent release. If the action of ATP is on the 
release it could be due to withdrawal of calcium: if on the synthesis, to its 
known catalytic action on the choline acetylase system. Both mechanisms 
may be responsible for the appearance of acetylcholine in the bath fluid. 

The conclusion that the ATP contractions of the frog recti are either wholly 
or mainly indirect actions due to the release by the ATP of a substance which 
is probably acetylcholine, does not allow us to assume a similar mode of action 
of ATP in mammalian muscle, or even in frog muscles other than the rectus. 
We have to realize that the muscle fibres of the frog rectus have special proper- 
ties; they are endowed with the ability to respond to acetylcholine with localized 
contracture instead of propagated contractions. According to Hunt & Kuffler 
(1950) most of the muscle fibres of the frog rectus are innervated by the small 
diameter motor nerve fibres. Release of acetylcholine by ATP may only play 
a minor part in the contractions produced by ATP on muscles which consist 
predominantly of muscle fibres innervated by the large diameter nerve fibres 
and endowed with the property to respond to acetylcholine with propagated 
contractions. This would, for instance, explain the finding of Buchthal e al. 
(1944) mentioned in the introduction that curare does not antagonize the ATP 
contractions obtained on such muscles. 


SUMMARY 


1. The effect of ATP on the frog rectus muscle is examined. Some muscles 
do not contract to ATP, some to large doses only, but others to small doses. 

2. The ATP contractions differ from the acetylcholine contractions mainly 
in the following: (a) Graded reponses are regularly obtained with increasing 
doses of acetylcholine; this is the exception with ATP. The shortening obtained 
with the threshold dose of ATP is usually the maximal effect. (b) This ATP 
contraction is smaller than the maximal acetylcholine contraction. (c) Usually 
the ATP contraction proceeds more slowly than an acetylcholine contraction. 

3. During the contraction produced by ATP on the frog rectus muscle 
a substance appears in the bath fluid which has acetylcholine-like properties 
and is probably acetylcholine itself. 

4. It is concluded that the ATP contractions of the frog revwus muscle are 
not direct effects of ATP on this muscle but are secondary effects of the released 
acetylcholine. 

5. The question whether this mode of action of ATP necessarily applies to 
the ATP contractions of other striated muscles, particularly of mammals, is 
discussed. 
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contains several times more acetylcholine than the muscle. From these results 
it must be concluded either that the acetylcholine is released from the muscle 
by the ATP and at once replaced by synthesis, or that acetylcholine is 
synthesized when ATP is brought in contact with the — and that this 
excess ee is then at once released. 


DISCUSSION 

If a frog rectus muscle is made to contract by the administration of ATP, it 
has been found that the eserinized Ringer’s solution in which it is immersed 
becomes itself capable of. stimulating muscles; this is due to the presence 
of acetylcholine or an acetylcholine-like substance. The question is raised, 
therefore, whether ATP causes the muscle to contract as a result of its leading 
to the release, or formation, of acetylcholine. Several of the findings presented 
in this paper are in favour of such an interpretation of the ATP contraction: 
for instance, the observation that the ATP contraction is augmented by eserine 
but abolished by p-tubocurarine and atropine under the same conditions as an 
acetylcholine contraction. 

Although no complete pharmacological identification was made of the 
muscle stimulating substance appearing in the bath under the action of ATP 
on the muscle, all tests so far applied are in agreement with the conclusion 
that the substance is acetylcholine itself. Other possible substances to be 
considered are phosphoryl or organic choline esters, pyrophosphorylaneurine 
and inorganic pyrophosphate. All phosphoryl esters, including those of 
choline and aneurine, can be excluded because they are probably removed by 
the Harpur-Quastel treatment. In addition, phosphorylcholine is 1000 times 


less active than acetylcholine (Beznfk & Chain, 1936) and pyrophosphoryl- _ 


aneurine contracts the frog rectus only in concentrations of 1 x 10-? (Torda & 
Wolff, 1944). Such high concentrations could not have been liberated from the 
muscle, especially not in those experiments in which the ATP concentrations 
used for producing contraction were low, since the ATP would be the phosphate 
donor. The possibility of pyrophosphate being the stimulating substance had 
to be considered because it causes contraction in a concentration of about 
15 ma. (Buchthal e¢ al. 1944) and could be split off from ATP by an apyrase | 
system which is present in frog muscle (Steinbach, 1949). The slowness of the 
ATP contraction, in contrast to the quick contraction produced by ‘ATP bath’, 
could then be explained by a gradual splitting off of this small and quickly 
moving molecule of pyrophosphate. The effects of eserine, curare and atropine 
on the contractions produced by ATP-freed ‘ATP bath’, however, would be 
difficult to explain if the substance were inorganic pyrophosphate. The effects 
of these drugs, on the other hand, would be accounted for if the substance 
were acetylcholine. The fact that the substance is sensitive to alkali also speaks 
for ene and against. pyrophosphate. 
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The results of the present experiment do not indicate the site of the ATP 
action, whether the acetylcholine is derived from the motor nerve endings or 
from the muscle fibres. As has been mentioned before, the ATP may either 
act by releasing the acetylcholine which is then replaced by synthesis, or by 
stimulating synthesis with subsequent release. If the action of ATP is om the 
release it could be due to withdrawal of calcium: if on the synthesis, to its 
may be responsible for the appearance of acetylcholine in the bath fluid. 

The conclusion that the ATP contractions of the frog recti are either wholly 
or mainly indirect actions due to the release by the ATP of a substance which 
is probably acetylcholine, does not allow us to assume a similar mode of action 
of ATP in mammalian muscle, or even in frog muscles other than the rectas. 
We have to realize that the muscle fibres of the frog rectus have special proper- 
taes; they are endowed with the ability to respond to acetylcholine with localized 
contracture instead of propagated contractions. According to Hunt & Kuffier 
(1950) most of the muscle fibres of the frog rectus are innervated by the small 
diameter motor nerve fibres. Release of acetylcholine by ATP may oaly play 
a minor part im the contractions produced by ATP on muscles which consist 
predominantly of muscle fibres innervated by the large diameter nerve fibres 
and endowed with the property to respond to acetylcholine with propagated 
_ contractions. This would, for instance, explain the finding of Bachthal ef al. 
_ (1944) mentioned in the introduction that curare does not antagonize the ATP 
_ contractions obtaimed on such muscles. 


| 1. The effect of ATP on the frog rectus muscle is examined. Some muscles 
do not contract to ATP, some to large doses only, but others to small doses. 
2. The ATP contractions differ from the acetylcholine contractions mainly 
in the following: (a) Graded reponses are regularly obtaimed with mereasing 
doses of acetylcholine; this is the exception with ATP. The shortening obtaimed 
with the threshold dose of ATP is usually the maximal effect. (6) This ATP 
contraction is smaller than the maximal acetylcholine contraction. (c) Usually 
3. During the contraction produced by ATP on the frog rectus muscle 
a substance appears in the bath fluid which has acetyicholine-like properties 
and is probably acetylcholine itself. 
4. It is concluded that the ATP contractions of the frog recuus muscle are 
not direct effects of ATP on this muscle but are secondary effects of the released 
5. The question whether this mode of action of ATP necessarily apphes to 
the ATP contractions of other striated muscles, particularly of mammals. is 
discussed. 
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‘PHYSIOLOGICAL INVESTIGATIONS INTO 
THE HEART FUNCTION OF DAPHNIA 


_ By JO M. BEKKER ann B. J. KRIJGSMAN 
the Zoology Department, University of Cape. Town 
(Received 29 December 1060) 


ERRATUM 
Melville, K. I. ‘ Effects of Noradrenaline and Adrenaline’, Vol. 113, Nos. 2 & 3, 
p. 358, in the legend to Fig. 10 read: 
‘A and A,, noradrenaline; B and B,, adrenaline;’ 


(1942) reports that acetylcholine and adrenaline have no effect on the heart of 
Artemia, and that acetylcholine is also ineffective on the heart of Eubranchipus. 
Needham (1950), who studied the effect of ether on Daphnia, shares the opinion 

| that this heart and also the hearts of Simocephalus, of Artemia and of some 
larval insects are all myogenic. Histological support of this point of view was 

provided by Ingle (cited by Prosser, 1942), who found no ganglion cells in the 
heart of Daphnia. 

Since the response to drugs may be characteristic for the nature of the pace- 
maker and since, so far, only a few drugs have been used to investigate the 
mechanism of the heart in Daphnia, it seemed useful to repeat the experiments 
of Baylor and to extend our knowledge on this subject by studying the influence 
of other drugs so as to be able to compare the results with the action of these 


substances on the hearts of other arthropods and of vertebrates. is 
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PHYSIOLOGICAL INVESTIGATIONS INTO _ 
THE HEART FUNCTION OF DAPHNIA 


.. By JO M. BEKKER ann B. J. KRIJGSMAN 
From the Zoology Department, University of Cape Town 
| (Received 29 December 1950) 


Previous work of Krijgsman & Krijgsman-Berger (1950, 1951) indicates that 
the automatism of the heart of insects is a neurogenic mechanism which is 
initiated in the cells of the lateral heart nerves. This automatic nerve centre, 
which shows adrenergic properties, is influenced by extra-cardiac excitatory 
nerves, which stimulate the centre by release of acetylcholine. Hence, though 
itself entirely different from the myogenic ‘pacemaker’ of the vertebrate heart, 
this neurogenic pacemaker has some properties in common with the autonomic 
nerve system of vertebrate animals. From the experiments of numerous authors 
on several species of Crustacea, which have been reviewed by Welsh & Schallek 
(1946) and by Krijgsman & Krijgsman-Berger (1951),it can be taken that the 
initiation of the heart beat in most arthropods is neurogenic. | 

There are, however, exceptions. Baylor (1942) found that the heart of 
Daphnia is not, as in other arthropods, stimulated by acetylcholine and eserine, 
but inhibited. According to him atropine also causes an inhibition. Prosser 
(1942) reports that acetylcholine and adrenaline have no effect on the heart of 
Artemia, and that acetylcholine is also ineffective on the heart of Eubranchipus. 
Needham (1950), who studied the effect of ether on Daphma, shares the opinion 
that this heart and also the hearts of Simocephalus, of Artemia and of some 
larval insects are all myogenic. Histological support of this point of view was 
provided by Ingle (cited by Prosser, 1942), who found no ganglion cells in the 
heart of Daphnia. 

Since the response to drugs may be characteristic for the nature of the pace- 
maker and since, so far, only a few drugs have been used to investigate the 
mechanism of the heart in Daphnia, it seemed useful to repeat the experiments 
of Baylor and to extend our knowledge on this subject by studying the influence 
of other drugs so as to be able to compare the results with the action of these 


substances on the hearts of other arthropods and of vertebrates. 
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METHODS 
We used D, magna and D. pulex, which were stocked in an aquarium. No differences were observed 
in the reactions of the hearts of these two species. Baylor (1942) studied the action of drugs at 
10° C., thus lowering the frequency to a measurable rate, and keeping the ahimals entangled in 
cotton-wool on a slide. He sucked off the water and replaced it by the required drug solution. We 


put some Daphnia into a narrow glass tube which was mounted on the stage of a microscope. The 
animals were kept motionless between fibres of cotton-wool, so that the heart could be easily 


studied under low power. One side of the tube was connected to a two-way stopcock by means of : 


which either water or the required solution could be led through the tube. These solutions, supplied 
from reservoirs, ran through a thermostat kept at 10° C., before they entered the experimental 
tube, The rate of flow was kept constant by means of a screw clamp. The distance between thermo- 
stat and experimental tube was short, so that the temperature in the experimental tube was 
constant enough to allow for a suitable and fairly constant heart frequency. This was checked by 
control experiments with the animals in water. The results showed that there were variations 
between individual animals, probably related to body size and sex. The individual rhythm, how- 
ever, was fairly constant and was maintained for hours under our experimental conditions. In control 


experiments with nine animals, extended over 150 min., the frequency per minute in an individual ~ 


animal varied, at most, 7-6%. Taking into account that, in all experiments with drugs, every 
animal was observed for a control period of 40 min. for constancy of heart rhythm before the drug 
was applied, and since, moreover, in most cases the results were given as the average of several 
animals, it appears quite reasonable to consider changes of frequency greater than 10% as signifi- 
cant. In those experiments in which the effect on the heart showed individual differences in the latent 
period, graphs of single experiments are given as an example, since the average flattened the graphs 
and thus did not reflect the correct type of the response. Frequency was measured by visual 
counting with the aid of a stopwatch for 1 min., at intervals of 5-10 min. Frequencies higher than 
250 per min., which occurred in a few cases, could not be followed accurately, and these figures 
therefore only have an approximate value. 
Besides frequency, the type of contraction was observed. Irregularity of rhythm could be clearly 
discriminated ; the size of contraction, however, was more difficult to judge. We could discriminate 
between normal and increased force of beat (termed ‘strong’), and contractions in dilated position 
(termed ‘ weak’). 

We tested the effect of acetylcholine (ACh), tetraethylpyrophosphate (TEPP, 95% pure), 
pilocarpine, atropine, adrenaline, digitalin and rotenone. Each drug was tested on twenty to 
twenty-six animals. The aqueous solutions of all thé drugs (except TEPP) were made from solid 
crystalline substances. 

In carrying out experiments with whole animals which are immersed in a drug solution, it must 
be realized that the action of the drug is conditioned by the permeability of the surface tissues of 
the animal. Consequently, the length of the latent period (interval between application and effect) 
is useless for the comparison of the effect of different drugs, and for the same reason the threshold 
_ concentrations are of no value for comparison with other drugs and other species. 


Acetylcholine 

Acetylcholine caused slowing of the heart of Daphnia; acceleration as observed 
by Obreshkove (1942), who tested ACh on hearts recovering from inhibition 
produced by mechanical stimulation, was never obtained. A concentration of 
1x 10-* to 1 x 10-7 was slightly above threshold and produced a progressively 
increasing slowing of the heart, so that after about 1 hr. immersion the fre- 
quency had decreased by about 25%. With higher concentrations the effect 
became more pronounced; after 90 min. immersion in 5 x 10~” the frequency 
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had decreased by about 65%. There were also some irregularities in heart 
beat after about 15 min. immersion in these higher concentrations and in 
three experiments out of nine, diastolic arrest occurred later on. Fig. 1 shows 
the average effect on five hearts with ACh, 1x 10’ and 5 x 10-7, 
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Fig. 1. Action of acetylcholine on Daphnia heart. of tne 
Arrow: moment of application. A: 1 x 10~’, : 6x10", 
average of five experiments. : 


Our results, which confirm those of Baylor (1942), show that the heart of — 
Daphnia is very sensitive to ACh, but its response is different a those of 
most other arthropods, which are stimulated by ACh. 


Tetraethyl pyrophosphate 


The effect was similar to that of ACh, as could be expected by the anti- 


_ cholinesterase properties of TEPP. The threshold concentration was about 


3:7 x 10-7; double that concentration decreased the frequency by about 35% 
in the course of 50 min. immersion. The slowing was not generally associated with 
any visible change in the strength of the heart beat; in two out of ten animals 
the beat became stronger. A concentration of 1-5 x 10-* or 3x 10 of TEPP 
caused pronounced slowing within a few minutes, and a decrease in frequency 
of about 80% within 30-40 min. The average effect of these concentrations of 
TEPP is shown in Fig. 2. 

Our results are in keeping with those Baylor (1942) obtained with eserine, 
but not with those obtained by Obreshkove aimee who found a stimulating 
effect with eserine. 
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Pilocarpine | 
Pilocarpine also slowed the heart. 1 x 10-* was ineffective; 5 x 10-5 was about 
_ threshold, causing a slowing in four out of seven hearts; after prolonged immer- 
sion irregularities of heart beat were observed in one case. The effect of these 
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Fig. 2. Action of TEPP. Frequency of heart beat plotted against time. Arrow: moment of 
application. A: 3-7 x10-*, average of seven experiments; B: 7-5 x 10-*, average of four 
experiments; C: 3 x 10-*, average of four experiments, 
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Fig. 3. Action of pilocarpine. Frequency of heart beat plotted against time. Arrow: moment of 
application. A: 1 x 10-*, average of three experiments; B: 5 x 10-5. 


two concentrations of pilocarpine is shown in Fig. 3. Higher concentrations 
showed no change in the effect. Pilocarpine never stimulated the heart of 


Daphnia, which thus responds differently to those of other arthropods, which 
are stimulated by it. 
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Atropine 

Atropine accelerated the heart. A concentration of 6-25 x 10-5 was sometimes 
effective causing an increase in frequency up to 40%. The effect was always a 
temporary one; the frequency returned to normal within 50 min. A greater 
concentration of atropine, say 2:5x 10-4, produced a more pronounced and 
longer-lasting acceleration (Fig. 4). With still higher concentrations, there 
occurred, after an initial great acceleration, slowing of the heart in two out of 
seven experiments, with a tendency to weak contractions. Our results differ 
from those of Baylor (1942), who did not observe any acceleration with 
atropine, but inhibition only. 
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20 40 60 80 100 120 
Time in minutes 
Fig. 4. Action of atropine. Frequency of heart beat plotted against time. Arrow: moment of 
application. A: 6-25 x10-°; B: 2-5 x10~. 


Adrenaline | 
Adrenaline was found to slow the heart when tested in low, and to accelerate 
it when tested in high, concentration. A concentration of 2 x 10-’ was about | 
threshold; five animals were not affected by it; in three others the frequency 
was decreased by about 30% in the course of an hour’s immersion. A con- 
centration of 2 x 10- caused slowing in all hearts; the frequency decreased by 
about 45% in the course of an hour’s immersion. In one case the beat became 
irregular and the heart stopped. A concentration of 2x10 was either 
ineffective or it slightly increased the frequency, and in one heart it caused some 
slowing. A concentration of 1-25 x 10~ caused in six hearts a pronounced but 
temporary acceleration sometimes accompanied by stronger beats. One heart 
was slightly slowed by this concentration of adrenaline. The average effect of 
these concentrations is shown in Fig. 5. Our results differ from those obtained 
by Baylor (1942), who found only an acceleration of the Daphnia heart with 
concentrations of adrenaline as low as 1 x 10-’. The usual response of the heart 
of other arthropods to adrenaline is acceleration. 
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Digitalin causes in Periplaneta (Krijgsman & Krijgsman-Berger, 1951) 
temporary acceleration with increased amplitude of contraction, when given 
in low concentration, and subsequently slowing and even arrest, when given 


Time in minutes 
Fig. 5. Action of adrenaline. Frequency of heart beat plotted against time. Arrow: moment of 
application. A:2 x 10~, average of five experiments; B: 
C: 1-25 x 10“, average of six experiments. 


0 20 40 60 80 100 120 
Time in minutes 
Fig. 6. Action of digitalin. Frequency of heart beat plotted against time. Arrow: moment of 


application. A: 5 x 10-*, average of four experiments; B: bx" average of five experi- 
ments. 


in high concentration. In Daphnia it caused only slowing. Concentrations 
below 5 x 10-® were ineffective; 5 x 10-* caused a progressive slowing, so that 
the frequency decreased by about 30% in the course of 80 min. immersion. 
In two hearts there was a tendency to weak contractions towards the end of “ 
the experiment. A concentration of 5 x 10- or more caused a more pronounced — 
slowing which developed quickly; irregular and weak contractions occurred at 


the end of the experiment. Fig. 6 shows the average effect of digitalin, 5 x 10-° 
and 5 x 10-. 
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Rotenone, which is relatively inactive on the vertebrate heart, causes, in low 
concentration, inhibition of the heart of Periplaneta; the beat becomes slower 


and weaker (Krijgsman, Dresden & Berger, 1950). It has the same action on the 
heart of Daphma. A concentration of 2-5 x 10-* was about threshold, causing 


i 


0 20 40 60 80 100 120 
: Time in minutes 
Fig. 7. Action of rotenone. Frequency of heart beat plotted against time. Arrow: moment of 
application. A: 1 x 10~’, average of seven experiments; B: 1-5 x 10-*, average of five experi- 
ments. {: arrest. 


a gradually progressive slowing, so that the frequency decreased by about 30% 
during 45 min. immersion. With stronger concentrations the effect became more 
pronounced. These concentrations caused irregularities and arrest in diastole 
after 20-30 min. The average slowing by rotenone, 1 x 10-’ and 15x 10-6, 


is shown in Fig. 7. | 


DISCUSSION 


Our results on the response on the heart of Daphnia to ACh and the anti- 
cholinesterase TEPP confirm those of Baylor (1942). They suggest that this 
heart, unlike that of most other arthropods, has no neurogenic pacemaker. 
The slowing of the Daphnia heart by low concentrations of these drugs is a 
response characteristic of the myogenic heart. of vertebrates and molluscs. We 
may assume that the myogenic pacemaker of the Daphnia heart is normally 
under the influence of ACh, which is probably released from the endings of 
extrinsic cholinergic nerves impinging on the pacemaker. The inhibitory effect 
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of TEPP and of eserine is best explained by the cholinesterase-inhibiting 
property of these substances, and thus by accumulation of released ACh when 
its normal enzymatic hydrolysis is prevented, 

Pilocarpine, which is known to act in vertebrates like the parasympathetic 
transmitter, also exerts an inhibitory action on the heart of Daphnia. Our 
results with this drug further support the assumption of a myogenic pace- 
maker in the Daphnia heart. 

Atropine has an accelerating action on the Senile heart, thus supporting 
the opinion that the heart of this animal is normally under some inhibitory 
influence of ACh. 

Whereas, concerning ACh, anticholinesterases, pilocarpine and atropine, 
the heart of Daphnia behaves like a vertebrate heart, it is difficult to find a 
satisfactory explanation for the action of adrenaline. The neurogenic heart of 
most arthropods is accelerated by adrenaline, an effect obtained on the heart 
ef Daphnia with high concentrations only; low concentrations caused slowing. 
This is certainly not the action of adrenaline on the vertebrate heart. Evidence 
has been obtained, that in vertebrates adrenaline does not always act as an 
antagonist of acetylcholine (literature reviewed by Burn (1945, 1950)), but 
sometimes supports the action of the latter. Although such interactions might 
also play a role in the case of Daphmia, it is, on the basis of the data available, 
unlikely that the accelerating action on the heart of Daphnia is of physiological 
importance, since it occurs only with high concentrations, and it is difficult 
to imagine a physiological role for the inhibitory effect, once we assume a 
cholinergic inhibitory extra-cardiac innervation. It may, therefore, well be 
that adrenaline has no physiological function whatsoever in the heart of 
Daphma. 

The slowing of the Daphnia heart caused by digitalin is in contrast to the 
acceleration produced in the neurogenic heart of Periplaneta by low concentra- 
tion, and this difference may be characteristic for the action of digitalin on the 
two types of the heart of arthropods. The slowing produced by digitalin may 
be an effect on the muscle or it may be the result of stimulation of the cholinergic 
nerves to the pacemaker. We may remember that the initial slowing produced 
by digitalin in vertebrates is dependent on the integrity of the vagus nerve. 

Rotenone acts similarly on the neurogenic heart of Periplaneta and on the 
myogenic heart of Daphnia. On both hearts low concentrations of rotenone 
cause slowing. At the time when its effect on Periplaneta was first. observed 
(Krijgsman e¢ al. 1950), it was thought to produce inhibition by paralysing 
the accelerating cholinergic nerves to the neurogenic pacemaker. The present 
finding, however, of a similar inhibitory action on the heart of Daphnia, makes 
such an interpretation unlikely. The effect of rotenone on both types of heart is 
therefore 9 a direct effect on the heart muscle. 
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SUMMARY 


1. The actions of drugs were studied on the heart of Daphnia. For this 
purpose the animals were put into a narrow glass tube. Water containing the 
required concentration of the drug under examination was led through the 
glass tube which was mounted to the stage of a microscope and the heart 
action observed under low power. 

2. Acetylcholine, tetraethylpyrophosphate and pilocarpine slow the heart. 

3. Atropine accelerates the heart. 

4, Adrenaline in low concentration slows the heart, in high concentration 


accelerates it. 


5. Digitalin and rotenone slow the heart. 

6. The results stated in (2) and (3) are in full accordance with the assumption 
of a myogenic pacemaker in the heart of Daphnia, inhibited by extra-cardiac 
cholinergic nerves. 

7. The actions of Saas and digitalin also are different from thoes on the 
neurogenic heart of most arthropods. 

8. Rotenone has the same action on the myogenic as on the neurogenic 
heart of the arthropods; its action is therefore = directly on the ‘heart 
muscle, 
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RESPIRATORY AND CARDIOVASCULAR REFLEXES 
FROM THE HEART AND LUNGS 


By G. 8. DAWES, J. C. MOTT anv J. G. WIDDICOMBE* 
From the Nufield Institute for Medical Research, 


(Received 12 March 1951) 


Since the early experiments of von Bezold & Hirt (1867) the veratrum alkaloids 
have stimulated the interest of physiologists and pharmacologists because of 
the unusual nature of the cardiovascular and respiratory reflexes which they 
produce. These alkaloids are of complex structure and readily produce tachy- 
phyllaxis. It was hoped that there might be simpler substances among which, 
therefore, the relationship between structure and action could be studied, 
which might be relatively free from tachyphyllaxis, and which would yet elicit 
the same reflex responses as the veratrum alkaloids. These criteria seemed to be 
met by the amidine derivatives described by Dawes & Mott (1950) and Dawes 
& Fastier (1950). Of the one hundred and thirty-five diguanides, guanidines, 
isothioureas and related compounds investigated, more than thirty possessed 
a considerable degree of activity. of the type anticipated; that is to say, they 
caused a fall of blood pressure, a fall of heart rate and an inhibition of respira- 
tion in the cat, all of which were abolished by cutting the vagus nerves in the 
_ neck. These effects were attributed to three reflexes, a depressor reflex on 
injection into the coronary arteries, a depressor reflex from the lungs, and 
a reflex inhibition of respiration also coming from the lungs. In the cat, 
‘ however, veratridine only causes two easily identifiable reflex responses on 
injection of say 5-10ug./kg., a depressor reflex from the coronary system (the 
Bezold reflex), and a reflex inhibition of respiration by an action on receptors 
in the lungs (Dawes, 1947). In this species there is no apparent depressor 
reflex from the lungs with veratridine. It is true that in the dog there is 
evidence of such a reflex, but it is rather feeble. There is therefore a dis- 
crepancy between the actions of veratridine and of the amidine derivatives in 
the cat, for the latter cause a reflex response from the lungs which the former 
does not. 

Quite apart from this discrepancy, there was another powerful incentive to 
a more thorough investigation of the mode of action of these amidines and of 


* During the tenure of a grant from the Medical Research Council. 
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veratridine. It was of the greatest interest to see to what extent the reflexes 
referred to above could be identified with reflexes of known physiological 
significance. This has been the principal reason for the investigations described 
in this paper. | 

It was clearly impracticable to study in detail more than a few of the more 
active substances, and we have therefore confined our attention almost 
entirely to veratridine, phenyl diguanide and 2«-naphthyl ethyl isothiourea. 
Veratridine has been studied closely by a number of investigators (Krayer & 
Acheson, 1946; Dawes, 1947; Aviado, Pontius & Schmidt, 1949; Heymans 
& de Vleeschhouwer, 1950) and equal responses may be obtained providing 
injections are not repeated more often than every 10-15 min. Phenyl diguanide 
and 2a-naphthyl ethyl isothiourea are two of the most active guanidine and 
isothiourea derivatives of which sufficient quantities were available, and they - 
were chosen because they show a certain contrast, in that the respiratory 
inhibition caused by 2a-naphthyl ethyl isothiourea is considerably greater, for 
an equivalent cardiovascular response, than that caused by phenyl diguanide. 

The mode of action of these three substances has been investigated in the 
cat, rabbit and dog; this paper is concerned only with the first two animals. It 
has been found that: there are great species differences in their actions, par- 
ticularly in regard to the nature of the respiratory reflexes. Not all of these 
reflexes, even excluding the Bezold reflex, can be identified with respiratory 
or cardiovascular reflexes which are at present generally accepted (Dawes 
Mott & Widdicombe, 1951; Dawes, 1951a). 


METHODS 
Cats were anaesthetized with chloralose 60 mg./kg. Rabbits were anaesthetized with chloralose, 
pentobarbitone (nembutal) 35 mg./kg., or, occasionally, with a minimal quanity of urethane. 
Action potentials were recorded from slips dissected from the cervical vagus and phrenic nerves 
using silver-silver chloride electrodes and a conventional resistance-capacity push-pull amplifier. 
The vagi were cooled by applying hollow thermodes through which alcohol was circulated from 
a reservoir in an ice-salt mixture (Partridge, 1935). The thermodes were made of silver foil 0-015 in. 


thick in order to reduce thermal capacity, and their temperatures were recorded from thermo- 


couples in contact with their surfaces. In practice a length of nerve about 1 cm. long was exposed 
in this way to the cold surface of the thermode. The temperature of the thermode, which we 
recorded, therefore gives only an approximate indication of the temperature gradient through the 
nerve, between the cold surface on the one hand and its vascular supply on the other hand. 
Respiration was recorded either by a modification of Gaddum’s method (1941) or by recording 
the volume change of the trunk. For this purpose a method similar in principle to that employed 
by Burstein (1938) in the guinea-pig was used. The animal was enclosed in an air-tight box, with 
its head and neck protruding; the skin was dissected from the neck and drawn over and tied 
round a flange in one end of the box (Fig. 1), which fitted snugly round the neck. The volume of 
the box was measured by a float-recorder writing on a smoked drum, or, when the record was to be 
displayed on a cathode-ray oscilloscope, a variable air-condenser was attached to the shaft of the 
float recorder, and the resultant changes of capacity converted to a voltage deflexion by means 
of a fr modulation system and direct-coupled amplifier. Air-tight junctions in the Perspex 


top of the box allowed the passage of electro-cardiograph leads, and of a polythene tube which 
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could be used for injections into the cavity of the left atrium when necessary. The polythene tube — 


was tied into the auricular appendage through a lateral chest opening, and the chest was closed 
and made air-tight to allow spontaneous respiration to begin again. Intravenous injections were 


made into the external jugular veins cannulated outside the box. Blood pressure was recorded _ 


from « carotid artery. To record the heart rate, the electro-cardiogram was amplified, and the 
Q.R.8. complex adjusted to trigger a square current pulse which operated an impulse counter 
(Dawes, 19515). 
10 sec. intervals, _ : 


Fig. I. | Fig. 2. 
Fig. 1. Respiration box, in which the animal is placed with the skin of its neck reflected over 
and one hole is attached to a simple volume recorder. 
Fig. 2. Needle-head for insertion into the lumen of the pulmonary artery (cat). 


Pulmonary arterial pressure was measured in the cat and rabbit, using a condenser manometer, 
the changes in capacity being detected by a frequency modulation and amplifier unit, which gave 
@ linear relation between pressure and voltage output. The frequency response of the saline-filled 
condenser head alone was better than 350 cyc./sec.; when the necessary tubing and needles were 
attached it was reduced to 70-200 cyc./sec. in different experiments. Measurement of the pul- 
monary arterial pressure in the cat did not present great difficulty because the main pulmonary 
artery is robust. It was quite feasible to introduce a needle head (Fig. 2) when the vessel wall had 
been punctured by a cutting needle; the wall is sufficiently elastic to stretch over the flanged 
portion (a), and to retract into the groove (b), where it is fixed in position by the screw (c). The 
whole unit is quite small and can be secured by stitches through the pulmonary arterial wall if 
necessary. There is no bleeding during the insertion. Between measurements the needle-head was 
kept clear by running a very slow stream of saline through it. It is sometimes necessary to give 
heparin as well because of the bruising of the arterial wall, on which a small clot is very liable 
to form. In the rabbit, the problem of inserting a needle-head into the pulmonary artery is very 
much more difficult, since the arterial wall has little elasticity, and tears under the slightest stress. 
The only successful method was to insert a very sharp needle immediately below the pulmonary 
valves pointing in the direction of the bifurcation. The needle is tethered at its upper end so that 
the sharp point, lying along the inside of the vessel, does not tear the endothelium. Fine atraumatic 
intestinal needles must be used for suturing, and even then a small amount of bleeding around the 
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suture holes must be expected,. It is therefore advisable to wait for » few minutes after.tying the 
needle in before giving heparin, the needle then ‘being cleared by a fine: wire if it should have 
already clotted, Whereas in the cat it is not difficult orientate the needle-head sb-that it is 
approximately at right angles to the direction of flow, and will therefore give a true measurement 
of lateral pressure, unaffected by changes in the velocity of flow, in the rabbit this is not feasible 
for the reasons explained above,, However, as will be seen, in the crucial measurements for which 
the method was used in the rabbit, no variation in the recorded pressure was observed, It seems 
improbable that variations in lateral pressure and in velocity. of flow exactly canvelled out in their 
effect on the pressure as recorded. The conclusion that the experimental procedure had produced 
no alteration in the dynamics of the pulmonary circulation of the rabbit agrees jn'this instance 
with the similar observations made in the cat. In both cat and rabbit the chest may then be closed, 
artery drawn through an ait-tight seal in the top of the box. 

The hind-leg and oelidc ‘axis of heparinized cate were perfused by a a device construated by 


system, which is a modification of that described by Gaddum, Peart & Vogt (1949), the blood is 
withdrawn from the animal's sorts and: puiped into the appropriate artery. The perfusion 
pressure is independent of the meah arterial blood pressure of the cat, and the rate of flow into 
the perfused vessel is automatically recorded on the kymograph. A more detailed account of this 
mechanism will be published elsewhere. 

We are indebted to Prof. 0. Krayer for the veratridine base used in these experiments, ‘to 
Dr F. L. Rose of L.C.I. for the phenyl diguanide hydrochloride, and to Dr W. F. Short of Messrs 
Boots for the 2a-naphthy! ethyl isothiourea hydrochloride. All weights refer to veratridine and 
veratrine as base, and to the amidines as hydrochloride. 


RESULTS | 

In the cat 2a-naphthyl ethyl isothiourea ‘stops sdibiiiien. in the phase of 
expiration. The earlier experiments on this substance (Dawes & Fastier, 1950) 
had all been carried out with an apparatus which did not, permit accurate 
observation on this point, ‘It’ was not until we began to use volume records 
from the whole animal. (below the neck) that we began to appreciate that the 


in the small sections of record shown in Fig. 3 it can be seen that the initial 
expiratory pause after intravenous injection of 2a-naphthyl ethyl isothiourea 
is followed by a very slight acceleration of respiration and a scarcely per- 
ceptible rise in the whole record, indicating a slight increase in supplementary 
and/or residual air. These small changes were at first overlooked, until they 
were observed in much more striking fashion in a subsequent experiment 
(Fig. 4). It was then found that they occurred quite regularly, though not 
often so strikingly as in the latter record. As Fig. 4 shows, these secondary 
changes which follow the initial apnoea are only seen when the injection is 
made into the right side of the heart; when 2a-naphthy] ethy] isothiourea is 
injected into the left atrium they are either absent, or so small and with such 
a long latency that they may be due to the drug reaching the pulmonary 
circulation via the coronary arteries. 
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A 
Vagi cooled toy 


ti 


Fig. 3. Cat, 3-4 kg.; chloralose. Records from above downwards: heart rate, respiration and blood 
pressure. Injections of 20yg. veratridine at A, B and C, and of 100yg. 2a-naphthyl ethyl 
isothiourea at D and HZ. The cervical vagi had been cooled for 2 min. to 8°C. at A and D, and 
to 10°C. at B. : ; 


Fig. 4. Cat, 1-5 kg.; chloralose. Records of respiration (above) and of blood pressure (below). 
Injections of 50 yg. 2«-naphthyl ethyl isothiourea intravenously (1.v.) and into the cavity of 
the left auricle (L.a.) through a plastic tube. The chest wall was sewn up and normal breathing 
restored before placing the animal in the respiration box. 


We propose, throughout this paper, to refer to the increased chest volume 
from which inspiration begins, as shown in Fig. 4 after an intravenous injection 
of 2x-naphthyl ethyl isothiourea, as an increase in ‘expiratory volume’. The 
lung volume so defined is thus equal to residual and supplementary airs. To 
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this may be added changes of tidal air and of frequency of respiration which 
will be specified. The use of the expression ‘expiratory volume’ so defined is 
preferred because it is somewhat less clumsy and less liable to misinterpretation 
than the term ‘functional residual air’, 

We had previously concluded (Dawes & Mott, 1950; Dawes & Fastier, 1950), 
on the basis of experiments such as that illustrated in Fig. 4, that the effect 
of 2a-naphthyl ethyl isothiourea and phenyl diguanide in causing respiratory 
inhibition was due to an action on receptors in the lungs. Two additional 
pieces of evidence are now offered to support this conclusion. In one experiment 
a plastic catheter was tied into the left auricle, the chest wall was sewn up and 
spontaneous respiration restored. The cat was given heparin and the plastic 
catheter connected by a length of polythene tubing to the femoral artery. 
Intravenous injections of the two amidine derivatives now caused the expected 
apnoea, but injections into the polythene tubing did not do so, although the 
circulation time through this tubing was from 30 to 60 sec. The apnoea is not 
therefore due to the amidines undergoing some change in the blood, or pro- 
ducing some active substance which has its site of action beyond the lungs. 

In the second type of experiment injections were made through an intra- 
venous catheter whose tip lay at the entrance of the right atrium. The latency 
between injection and response was measured from oscillograph records of the 
electro-cardiogram, respiratory volume, action potentials from the uppermost 
root of the phrenic nerve and a signal marker. The interval between injection 
and the first inhibition of phrenic nerve activity varied between 1-2 and 2-1 sec. 
with 2a-naphthyl ethyl isothiourea. The first slowing of the heart occurred 
within 1-9 to 2:5 sec. These observations are consistent with an action on 
receptors located in the lungs. 

Veratridine, as well as 2a-naphthy! ethy] isothiourea and pheny! diguanide, 
also stops the respiratory movements in expiration, and this response also is 
due to a reflex arising from receptors in the lungs, and abolished by cutting the 
vagi (Dawes, 1947). Since veratrine can induce repetitive discharges from 
nerve, and since veratrine is known to sensitize muscle receptors to stretch, 
and to induce repetitive discharges from such a preparation (Jarisch & Zotter- 
mann, 1948), it seemed probable that it would also sensitize pulmonary stretch 
receptors. Meier, Bein & Helmich (1949) have recently shown, in the rabbit, 
that veratrine causes repetitive discharges from pulmonary stretch fibres 
isolated from the cervical vagus, and that their sensitivity to stretch is 
apparently increased. There is some doubt about the validity of these con- 
clusions however, since their records were not apparently accompanied by 
direct measurement of the volume changes of the chest, and we have usually 
observed in the rabbit an increase in ‘expiratory volume’ after administration 
of the pure alkaloid veratridine (vide infra), a change which might account 
for these observations, even if the tidal air and frequency of respiration is 
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simultaneously diminished. It seemed desirable to repeat these experiments 


with veratridine in the cat, in which the results would be unequivocal. _ 
Action potentials were recorded with a respiratory rhythm characteristic 

of the pulmonary stretch receptors from the cervical vagus of fourteen cats. 

In five of these cats both vagi were cut during the experiment, after test doses 


Fig. 5. Cat, 2-4 kg.; chloralose. Records of chest volume (above, inspiration downwards), cervica 
vagal action potentials from two or three fibres, electrocardiogram and time in 1 sec. intervals. 
The upper two sections of continuous record (A) show the response to the intravenous injec- 
tion of 50 yg. 2a-naphthyl ethyl isothiourea. The lower three sections (B) show the 
of the same fibres to 40g. veratridine. 


of the compounds under investigation had been found to cause the character- 
istic inhibition of respiration and fall of blood pressure and heart rate, in 
order to eliminate the disturbance caused by these responses. In nearly all 
instances veratrine and veratridine caused a great increase in the frequency of 
single-fibre pulmonary stretch receptor discharges (even though respiration 
had stopped, in those cats whose vagi were intact), and a continuous high 
pitched whine was heard in the loud speaker; a respiratory rhythm reappeared 
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as the sensitization of the ending subsided during the next 2-3 min. (Fig. 5). 
Very often the injection caused the appearance of hitherto undetected action 
potentials, which usually possessed a respiratory rhythm. We have not 
yet made any attempt to distinguish the rates of adaptation of these fibres 
before giving the drug, by the methods of Knowlton & Larrabee (1946). But 
in view of the fact that respiration always stops in expiration on injection of 
veratridine into the cat, it seems highly probable that we are dealing here with 
an instance of increased sensitivity of the classical pulmonary inflation endings 
(Adrian, 1933). | 

We were surprised to find that phenyl diguanide and 2a-naphthyl ethyl 
isothiourea, in doses which were fully adequate to cause respiratory inhibition, 
failed to affect the activity of the pulmonary stretch fibres. Indeed in fifteen 
instances we compared the actions of one or another of these drugs, with that 
of either veratrine or veratridine, on a preparation of a single stretch ending. 
In these instances the result was just the same, the fibre responded gratifyingly 
to the veratrum alkaloid, when it had failed entirely to respond to one of the 
two amidine derivatives (Fig. 5): On several occasions we also observed the 
sensitization described by Whitteridge & Biilbring (1944) on inhalation of the: 
volatile anaesthetics, ether, ethyl chloride, trichlorethylene and chloroform, 
but failed once again to observe any such sensitization with the two amidines. 
The only criticism we could make of our experimental procedure was that in 
any one cat, it was possible to sample only a very small proportion of the total 
number of pulmonary stretch fibres in the cervical vagus. The distribution of 
the drug from the blood stream to the receptors might have been uneven 
after an intravenous injection. Indeed, on a number of occasions a single 
pulmonary stretch fibre failed to respond by continuous repetitive discharge 
to an intravenous injection of veratridine sufficient to stop respiration 
momentarily. A larger dose of veratridine was then given, and in the majority 
of instances (but not in all) the fibre then responded. This suggests either an 
* uneven distribution of blood through the pulmonary vascular bed or a sur- 
prisingly large differential sensitivity between the endings in their reaction 
to the drug. Of course any such maldistribution should apply equally well to 
the effects of the injection of the two amidines. And this consideration supports 
the hypothesis that the two amidines, phenyl diguanide and 2«-naphthyl 
ethyl isothiourea, had an action on receptors other than the pulmonary stretch- 
endings. On three occasions we encountered fibres possessing activity charac- 
teristic of the cardiac venous group (Whitteridge, 1948) and neither amidine 
caused any change in their activity. | 

Cooling the vagi to different temperatures, which might be expected to block 
the larger fibres first, suggested itself as a method for differentiating between 
the actions of veratridine and the amidines. Such a method would allow 
comparison of a fair sample of the fibres, independent of any uneven distri- 
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bution of the drug in the pulmonary vascular bed. We found in practice that 
we could get repeatable results if we cooled: the nerves rapidly to the desired 
temperature and maintained it as closely as possible for the next 2 min., at 
the end of which the test dose was given. The accuracy of the temperature 
recorded was not greater than +0-2°C., and we should not like to claim that 
the values have an absolute significance in terms of the properties of the vagal 
nerve fibres. But using the same cooling apparatus and the same experimental 
procedure the method did give satisfactorily consistent results in the same cat 
and from one cat to another. A total of fifteen cats have been used in these 


@ 
T 


Fig. 6. Cat, 2:8 kg.; chloralose. Records from above downwards of respiration, heart rate and 
blood pressure. At each signal mark 10yg. 2a-naphthyl ethyl isothiourea was injected 
intravenously. At B and D both cervical vagi had been cooled to 8 and 24°C. respectively for 
the previous 2 min. : 


experiments, in the first two of which one vagus only was cooled, the other 
being cut; in all subsequent experiments both vagi were cooled to the same 
temperature. Without exception, the inhibition of respiration caused by 
veratridine was abolished by cooling at a far higher temperature than that 
caused by the injection of the two amidines. In the experiment, part of which 
is illustrated in Fig. 3, the respiratory response to injection of 20 ug. veratridine 
intravenously was slightly reduced at 12°C, and almost totally abolished at 
10°C. The superficially similar reflex response to 100ug. 2a-naphthyl ethyl 
isothiourea was unaltered at 8, 6, 4 and 2°C. Similar observations were made 
with phenyl diguanide. Taking the results as a whole, the respiratory response 
to veratridine is reduced at 12°C. and abolished completely at about 9-10°C. 
The respiratory inhibition caused by the two amidines is only somewhat 
reduced at 23°C, (Fig. 6). These results substantiate the hypothesis that the 
reflex respiratory effect. of small doses of the veratrum alkaloids and of the 
two amidines are due to actions on different types of receptors in the lungs of 
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the cat. The effect of veratridine, which has been shown to excite or sensitize 
pulmonary stretch fibres, is abolished by cooling to 9-10°C., at which tem- 
perature conduction in these fibres is blocked (Whitteridge, 1948). We have 
repeated Whitteridge’s observations in a few cats using thermodes of our own 
construction, which differ slightly from that used by him, and have obtained 
very similar results. It seems probable that since the respiratory effects of the 
amidines are not blocked until a much lower temperature is reached, the 
afferent side of this reflex arc is served by much smaller fibres. 

It was not found possible to discriminate by vagal cooling between the 
expiratory pause and the subsequent i increase in ‘expiratory volume’ and 
frequency of respiration due to injection of 2«-naphthy] ethyl isothiourea, or 
the other amidines. It does not seem likely that this increase in frequency is 


merely compensatory, since it very rarely follows the respiratory inhibition 


caused by small doses of veratridine or by clamping the trachea in expiration. 
A comparable fall of blood pressure caused by a small dose of acetylcholine 
or histamine produces no comparable increase in the frequency of respiration; 
while a considerable increase in frequency is still produced by n-amyl iso- 
thiourea (vide infra), whose cardiovascular effects are very small. Thus the 
complicated reflex response elicited by the amidines does not appear to be 
composed of two parts, the second of which is dependent upon either the 
anoxia produced by the respiratory pause or the coincident fall of blood 
pressure. On the contrary, it seems to be a single response, which may repre- 
sent the reaction of the respiratory centre to a modification in the frequency 
of discharge of one type of afferent nerve fibre. 

One additional series of observations may be mentioned at this point. 
Although there is abundant evidence that the cardiovascular and respiratory 
actions of small doses of both veratridine and the two amidines may be 
abolished either by cutting the vagi or by cooling them to a sufficiently low 
temperature, it was still conceivable that part at least of the afferent side of 
this reflex system could be carried in the sympathetic supply of the heart and 
lungs; for cutting or cooling the vagi not only severs the afferent pathway 
from a large number of different types of receptors in the heart, great vessels 
and lungs, it also cuts numerous efferent fibres to the heart itself and to the 
blood vessels of the heart and lungs. In three cats a bilateral dorsal sympath- 
ectomy was effected, with removal of the stellate and D 1-5 ganglia; the chest 
was closed and normal respiration restored. In these animals the removal of 
the sympathetic supply of the heart and lungs scarcely altered either the 
respiratory or the cardiovascular responses to veratridine or to 2«-naphthyl 
ethyl isothiourea. The afferent fibres of all these various reflexes are, — 
to the vagus. 
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Cat—circulation 
It is obvious from a study of Fig. 3 that cooling the vagi differentiates not 
only between the respiratory effects of veratridine and of 2a-naphthyl ethy! 
isothiourea but also between their cardiovascular effects. In this experiment 


the fall of blood pressure and of heart rate caused by veratridine was abolished 


by cooling the vagi to 8°C., and that of 2«-naphthyl ethyl isothiourea was only 
very slightly reduced. It should be noted that in this, as in all other experi- 
ments, the control observations, at body temperature, have been made both 
before and after cooling; in Fig. 8 only the latter are shown. These precautions 
are necessary because of the well-known phenomenon of tachyphyllaxis which 
the veratrum alkaloids so readily exhibit in regard to their cardiovascular 
reflexes. Observations of this type have been made upon seventeen cats, four 
of them with open chests and artificial respiration, and five with the left atrium 
cannulated. In these cats it has been found that the cardiovascular effects of 
injected veratridine are blocked by cooling the vagi to a temperature 1-2°C. 
lower than that required to abolish the respiratory response. The difference is 
not very great, but is genuine (Fig. 3). And this observation accords with the 
view propounded previously (Dawes, 1947) that the cardiovascular action of 
small doses of veratridine in the cat is due to an effect on receptors in the 
heart, altogether different from those responsible for the respiratory reflex, 
from the lung. 


_ The actions of phenyl diguanide and 2a-naphthyl ethyl isothiourea upon the 


_ circulation are unaffected by cooling the vagi to temperatures of about 10°C. ; 


further cooling in most cats causes a gradual reduction in both the fall of blood _ 


pressure and of heart rate until all responses are finally abolished below 3°C. 
(Fig. 6). In the majority of cats, therefore, there is a fairly wide temperature 
range over which this reduction appears. This contrasts with the abolition of 
the cardiovascular effects of veratridine at temperatures of 11-8°C., and would 
suggest at first sight that the modes of action of the two types of drug are 
different. Now we already know that they do indeed differ in one important 
respect. Whereas in the cat the cardiovascular action of veratridine in small 
doses is due entirely to a reflex arising from the heart, and which can be 
elicited by injection of minute doses of the drug into the coronary arteries, 
the amidines cause their apparently similar reflex cardiovascular effects by 
stimulation of two groups of receptors, one of which is in the heart and as yet 
indistinguishable from those stimulated by veratridine, and the other of which 
is in the lungs. It is therefore at first sight not surprising that the cardio- 
vascular responses produced by the amidines are affected by a different 
temperature range applied to the vagi than those responses due to veratridine. 
We can explain the ability of the amidines to excite a depressor response when 
the vagi are cooled to 8°C. or lower (at which temperature veratridine is 
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ineffective) by assuming that this portion of the response arises from receptors 
in the lungs. If both amidines and veratridine act on the same receptors in 
the heart, we should also expect that there would be an overlap in the tem- 
peratures at which vagal cooling reduces the cardiovascular responses. There 
is in most cats, but not all (compare Figs. 3 and 6), such an overlap between 
about 8 and 11°C.; over this temperature range the responses to veratridine 
are rapidly abolished, and it is not uncommon to see a moderate reduction in 
the response to either phenyl diguanide or 2«-naphthyl ethyl isothiourea. 

A few experiments were performed in which an attempt was made to test 
this suggestion more directly. Injection into the left atrium will produce 
a response from the left side of the heart alone, when small doses of the 
amidines are used. If veratridine and the amidines excite the same receptors 
in the heart, it would be expected that the effects of both, injected into the 
left atrium, should be abolished by cooling the vagi to a temperature of — 
between 8 and 10°C. The results of these experiments have so far been com- 
patible with this view, though in practice the experiments were not always 
easy to perform satisfactorily; it was difficult to find a dose of the amidine 
used which would cause a large enough fall of blood pressure and heart rate 
on injection into the left atrium and yet have no effect upon lung receptors 
(as judged by the absence of respiratory inhibition), presumably reaching 
them by a rapid passage through the coronary or bronchial circulations. | 

We conclude from these experiments that though graded cooling of the vagi 
does differentiate between the cardiovascular effects of veratridine and the 
amidines, this differentiation can be explained by the ability of the amidines 
to stimulate pulmonary receptors which cause a depressor response, in addition 
to those in the heart. There is no evidence from these experiments that vera- 
tridine and the amidines act upon different receptors in the heart. 


| The Bezold reflex 

The experiments described above are necessarily somewhat complicated, and 
there is an additional complication in interpreting the results. Cooling the 
vagi will affect the activity not only of the afferent nerve fibres from the heart 
and lungs, but also of the efferent fibres which cause slowing of the heart. 
Of course it is possible that the slowing produced by these drugs is largely due — 
to a change in sympathetic tone, but this cannot be assumed. We have there- 
fore recorded, with the same cooling system as before, the effect on the vagal 
efferents, stimulated after section of one or both vagi with bipolar electrodes 
arranged in such a fashion as to reduce current spread to a minimum. This was — 
further checked by crushing the nerve immediately below the electrodes at the 
end of the experiment. The results in four cats indicate, as Fig. 7 shows, that 
the activity of the vagal efferents are progressively reduced by cooling between 
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14 and 4°C. This information does not help the interpretation of all our 
results, for on the-one hand the reflex cardiovascular actions of veratridine are 
abolished at 11-8°C., while those of the amidines are not abolished until about 
3°C. So far as veratridine is concerned we can be sure that the effect of 
cooling to 11-9°C. is really abolishing the action of afferent fibres, since some 


Fig. 7. Cat, 22 kg.; chloralose, Record of blood pressure. Stimulation of peripheral end of right 
vagus at a frequency of 25 per sec., duration 2 msec. square wave and 0-2 mA. The vagus was 
stimulation. 


of the vagal efferents are not blocked until a much lower temperature is 
attained. With the amidines we are on less sure ground, since the correspon- 
dence between the blocking temperatures is too close; but it seems certain that 
some at least of the vagal afferents are not blocked until temperatures below 
3°C. are reached. 

Another piece of evidence which substantiates the view that the afferent 
fibres for the Bezold reflex really are blocked by cooling the vagi only to 
8-11°C. was obtained from the following considerations. There is ample 
evidence (Krayer & Acheson, 1946) for the view that the fall of blood pressure 
on injection of the veratrum alkaloids is due partly to reflex bradycardia but 
also partly to reflex peripheral vasodilatation. Cooling the vagi will not inter- 
fere with the efferent path for the vasodilator responses. 

The vasodilator response to intravenous injection of veratridine was samadtied 
in the hindlimbs of three cats and in the area supplied by the coeliac axis of 
two cats. In the latter experiments the vagi and oesophagus were tied and 
cut as they entered the abdomen. The vessels in question were perfused in vivo 
with the animals’ own blood by a pulsatile pressure using the method described 
above, which permits simultaneous measurement of perfusion pressure and 
blood flow. The animals were heparinized to prevent clotting and the nerve 
supply to the area in question was otherwise intact, since it was only necessary 
to connect the artery to be perfused (femoral artery, peripheral end of abdominal 
aorta or coeliac axis) through the pumping system with another part of the 
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animal’s circulation (central end of abdominal aorta, or carotid arteries). The 
vasodilator reactions to an intravenous injection of veratridine were in all 
instances quite transient, often being followed by a short period of vaso- 
constriction, presumably compensatory in nature. The vasodilatation was 
somewhat greater in the area of distribution of the coeliac axis than in the 


Flow (ml./min.) 


ee 1.07 1.23 1.40 p.m. 

Fig. 8. Cat, 4-1 kg.; chloralose. Record of blood flow through coeliac axis (above), perfusion 
pressure, and arterial blood pressure (below). Injections of 10g. veratridine at each signal 
mark. At 1-07 both cervical vagi were cooled to 8°C. and at 1-40 to 74°C., abolishing the 

' reflex vasodilatation to be seen at 1-23. 


hindlimbs, In all instances this vasodilatation was abolished by cooling the 
vagi to 8°C. (Fig. 8). This temperature was selected as the lowest to which 
it had been necessary to cool the vagi in order to block the fall of blood pressure 
and heart rate in any cat; the conditions of the present series of experiments 
did not allow a large number of trials to be made at different temperatures, 
in view of the rapid development of tachyphyllaxis to veratridine. When these 
experimental results are taken in conjunction with the other observations 
reported above, there can be little doubt that cooling the vagi to this relatively 
high temperature does in fact block the afferent fibres concerned in the Bezold 
reflex. The infifience of these findings on the vexed question of the identity 
of the receptors for the Bezold reflex is further dealt with in the discussion. 
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The effect of vagal stimulation in causing slowing of the heart is not changed 
by injection of a quantity of 2a-naphthyl ethy] isothioures or phenyl diguanide 
quite adequate to ensure a very large fall of blood pressure and heart rate 
when the vagi were intact. No part of the response can, therefore, be attributed 
to an action of the drug on the efferent vagal fibres in the heart. This is in 


Fig. 9. Cat, 29 kg.; chloralose. Records from above downwards of respiration, heart rate and 
blood pressure. Injections of 50 ug. 2a-naphthyl ethyl isothiourea (A), 50 ug. phenyl diguanide 
(B) and 100g. n-amyl isothiourea (C) have disproportionate actions on respiration and 

_ circulation, 


agreement with the general conclusion on other grounds that the nature of the 
response is entirely reflex. 2 

The experiments which involve cooling of the vagi differentiate between the 
cardiovascular and respiratory reflex caused by injection of small quantities of 
veratridine, as described above. Fig. 6 shows that they also can differentiate 
between the cardiovascular and respiratory effects of the amidines, since in 
this experiment the cardiovascular response to injection of 2«-naphthyl ethyl! 
isothiourea is abolished by cooling the vagi to 24°C., while a large part of the 
respiratory reflex remains unimpaired. This is a conclusion of greater impor- 
tance than that reached with veratridine, since these amidines cause both 
a cardiovascular and a respiratory reflex from receptors in the lungs. And this 
conclusion accords with the view propounded previously (Dawes & Mott, 1950), 
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of the separate identity of these receptors, on the grounds that the respiratory 
and cardiovascular responses differ in their relative size from time to time in 
the same animal. Another argument which also supports this view derives 
from the observation that the various active amidine derivatives differ greatly 
in their ability to elicit the two types of reflex responses. Thus, as Fig. 9 shows, 
whereas 2a-naphthyl ethyl isothiourea in a dose of 50g. causes both respira- 
tory inhibition and a fall of blood pressure and heart rate, BOpg. phenyl 
diguanide ¢auses the cardiovascular effects with no respiratory inhibition, 
while 100ug. %-amyl isothiourea produces respiratory inhibition with no 
change in heart rate or blood pressure. We conclude, therefore, that the 
receptors in the lungs which cause respiratory inhibition on injection of the 
appropriate amidine, are distinct from those which cause the cardiovascular 
reflexes, 

The above experiment illustrates a further point. Since the respiratory 
inhibition can occur without appreciable change in the systemic blood pressure 
or the heart rate, it would seem unlikely that the reflex is produced by any 
large changes in the pulmonary circulation, for one would expect these to be 
reflected in the systemic circulation. In three cats, the pulmonary arterial 
pressure was recorded with a condenser manometer with the chest closed and 
normal respiration. The injection of 2«-naphthyl ethyl isothiourea in a dose 
sufficient to cause a large fall of mean systemic arterial blood pressure and of 
heart rate, and inhibition of respiration, did not cause any significant altera- 
tion in mean pulmonary arterial pressure. The pulse pressure in the pulmonary 
artery was increased, presumably an effect secondary to the bradycardia, for 
it disappeared after cutting the vagi. In two of these cats, adenosinetriphos- 
phate caused a large rise in pulmonary arterial pressure, as Emmelin & Feldberg 
(1948) found; the respiration in these animals was increased in depth and 
unc in ‘tone’ or frequency. This observation is a useful check on the 
technique, and substantiates the view that the reflex action of 2«-naphthyl 
ethyl isothiourea is not secondary to an alteration in pulmonary arterial 
pressure. We are most grateful to Dr J. W. Pearce for permission to quote his 
similar conclusions on three cats treated with pheny! diguanide. 


Rabbit—trespiratory action of phenyl diguanide and 2a-naphthyl ethyl isothvourea 

In a previous paper (Dawes & Fastier, 1950) it was found that in rabbits 
2a-naphthyl ethyl isothiourea caused either ‘stimulation’ or inhibition of 
respiration, the latter in the phase of inspiration, and that these changes were 
not completely abolished by cutting the vagi. It seemed desirable to investi- 
gate these effects in the rabbit more thoroughly. 

It was soon realized that the modified Gaddum apparatus for recording 
respiration, which indicates changes in minute volume, was unsatisfactory for 
studying these effects. An examination of Fig. 10, for instance, taken from an 
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experimen + in which the volume changes of the trunk were recorded by the — 


method described previously (upper record) along with the modified Gaddum 


apparatus (lower record), indicates the unsuitability of the latter for this type 


Vagi | ~~ Carotid 
cut bifurcations 
denervated 
Fig. 10. Rabbit, 1-7 kg.; pentobarbitone. Records from above downwards of respiration recorded 
as volume changes in the box shown in Fig. 1; of respiration recorded by a modification of 
Gaddum’s method to show changes in minute volume; and of blood pressure. Injection 
of 100 yg. 2a-naphthyl ethyl isothiourea at each signal mark causes a complex respiratory 
disturbance largely abolished by vagotomy. 


of investigation. In this experiment the intravenous injection of 100yg. 
2a-naphthyl ethyl isothiourea caused a dramatic increase in ‘expiratory 
volume’ followed by momentary cessation of respiration in the inspiratory 
position, and then a stage of rapid shallow breathing which subsided as the 
‘tone’ returned towards its initial level. The integrated volume changes 
recorded by Gaddum’s method give no adequate indication of this complex 
sequence of events. In most of the thirty-two rabbits used in the course of 
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these experiments, cutting the vagi abolished all these respiratory changes. 
In a minority of rabbits such as that on which the experiment illustrated in 
Fig. 10 was performed, the amidines still caused some alteration in respiration ; 
and if the dose was increased this alteration was found in all rabbits. This 
change i is of an entirely different character. There is now either no alteration. 
in ‘expiratory volume’ or the change is very much smaller. There may be 
a slight quickening of respiration, though again that is uncommon. But there 
is a large increase in the depth of the respiration, and this is reflected of course 
in the concomitant large change in minute volume indicated by the Gaddum 
recorder. We may therefore conclude that in the rabbit the amidines have 
two actions on respiration, a complex change abolished by cutting the vagi, 
and a simpler change largely composed of an increase in tidal air, which remains 
after cutting the vagi. As Fig. 10 also shows, this latter component is abolished 
by denervation of both carotid sinus regions, a result which has been observed 
in all of the eight rabbits in which the procedure was carried out. The simplest 
and most likely explanation for this aspect of the phenomenon, therefore, is 

a stimulation of the chemoreceptors of the carotid sinus area in the rabbit 
by 2a-naphthyl ethyl isothiourea. 

To return now to the more complex component of the respiratory response, 
that is observed before the vagi are cut, as illustrated in Fig. 10. This com- 
ponent of the response appears to arise from receptors in the lungs, and is of 
course abolished by cutting the vagi. Thus in five rabbits in which a flexible 
plastic tube was sewn into the left auricular appendage, and normal respiration 
restored, intravenous injections of 2«-naphthyl ethyl isothiourea elicited the 
characteristic response, but on injection into the left atrium it was absent. 

As in the cat, the respiratory reflex elicited by 2«-naphthy] ethyl isothiourea 
from the lungs does not appear to be due to large cardiovascular changes in 
the pulmonary circulation. The pulmonary arterial pressure was measured as 
described under Methods, and, with the reservations as to the interpretation 
of the results there set out, there was no alteration in the pressure recorded 
after injection of 2«-naphthyl ethyl isothiourea in a dose sufficient to cause 
the characteristic alterations in breathing. 

We were then interested to see whether serial cooling of the vagi, which 
had been so useful in distinguishing between the various reflex respiratory 
reactions in the cat, would prove as valuable in the rabbit. In twelve rabbits 
2a-naphthyl ethyl isothiourea always produced its characteristic response at 
room temperature; in these rabbits the rapid component of the respiratory 
reaction was reduced by cooling the vagi to 11°C. or below, leaving the increase 
in ‘expiratory volume’, a slight decrease in depth, but little change in rate 
(Fig, 11). The rest of the reflex (of which the most dramatic change was the 
increase in ‘expiratory volume’) in all experiments persisted until the vagi 
were cooled to 5 or 6°C. (Fig. 11), Cooling the vagi has therefore split this part 
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of the respiratory response into two components, and we may summarize our 
results as follows, for the sake of clarity: 


Effect of 2a-naphthyl ethyl isothiourea on rabbit respiration 

(1). Rapid shallow respiration with increase in ‘respiratory tone’ both 
abolished by cutting vagi, originating from receptors in the lungs. 

(a) Cooling vagi to approx. 11°C. reduces the quickening of respiration. 

(b) Cooling vagi to approx. 5°C. abolishes increase in “expiratory volume’. 


veel cooled var cooled Vagi cooled 
to 10°C. to to GPC. 
Fig. 11. Rabbit, 2-3 kg.; pentobarbitone. Records of heart rate (above), respiration, and blood 
pressure (below). At each signal 25g. 2«-naphthyl ethyl isothiourea was injected intra- 
venously. The gervical vagi were cooled to the temperatures indicated for 2 min. before the 
injections. 


(2) Increased depth of respiration, not abolished by vagotomy, originating 
from receptors in carotid sinus area, and in most rabbits requiring a larger dose 
on intravenous injection to excite the response. : 

At this point one may comment on a feature of the respiration in the rabbit 
in which respect this animal differs from the cat. On the whole, taking the 
results of a large number of experiments, as the vagi are cooled the consequent 
slowing and deepening of respiration rapidly reaches its maximum in the cat 
at a temperature of 9-11°C.; whereas in the rabbit respiration continues to 
get slower and deeper far below this temperature. An example of this is shown 
in Fig. 11 in which there is to be seen a considerable change between 8 and 


6}°C. Now this progressive —— may in part be due to progressive blocking 
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of the pulmonary stretch fibres; action potentials were recorded during cooling 
of the vagi and though the majority of the fibres were blocked at 10-12°C._ 
there were some which survived as low as 8°C. We have not thought it profitable 
to do this experiment on a sufficiently large scale to express the results on 
a statistical basis, but it would appear at first sight that the fibre spectrum of 
the pulmonary stretch endings related to cold block of the vagi is considerably 


intravenously. 


wider in the rabbit than in the cat. We have also encountered, exceptionally, 
rabbits in which cooling of the vagi caused little or no slowing. Nevertheless, 
the close correspondence between the temperature ranges over which the 
pulmonary stretch fibres are blocked and the secondary quickening of respira- 
tion after injection of 2«-naphthyl ethyl isothiourea is reduced, strongly 
suggest that the pulmonary stretch fibres play a secondary part in deter- 
mining the precise form which the reflex response takes in the intact animal. 
That this is true to a certain extent is indicated by the experiment illustrated 
in Fig. 11. For on cooling the vagi to 10°C. (at which temperature we know 
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after injection of the amidine is very much greater than that at room tem- 
perature, Presumably at body temperature the increase of tone is limited by 
the increased frequency of discharge from the pulmonary stretch fibres as the 


lung expands. 
_ However, it is perfectly clear that the most interesting ethan of the reflex 


respiratory response to 2a-naphthyl ethyl isothiourea, the increase in ‘expira-_ 
tory volume’, is not related directly to the activity of the pulmonary stretch — 
fibres. For not’only does this part of the response survive cooling to a tem- ~ 


perature sufficiently different from that at which the pulmonary stretch fibres 
are blocked, but direct records of their activity show that, provided the vagi 
are cut in the neck so that there is no alteration of ‘expiratory volume’, 
2a-naphthy]l ethyl isothiourea does not affect the frequency of their spontaneous 
discharges. This might also be inferred from the similar experiments in cats. 

Now, the principal feature of the reflex referred to above, the increase of 
‘expiratory volume’, is of course due to an increase of activity in the inspiratory 
muscles of respiration. Thus the injection of 2«-naphthyl ethyl isothiourea 
causes a pronounced increase in the tone of the diaphragm slip preparation of 
Head (1889). This naturally suggested that the increase of tone might be due 
to stimulation of ‘deflation endings’. 

But attempts to compare the effects of action applied to the trachea on 
the respiration of the rabbit with the amidine reflex have given inconclusive 
results. On-cooling the vagi the deflation reflexes were abolished over a wide 
temperature range (average 12-6°C.), while different rabbits showed some 
individual variation in this range. An analogous variation is shown with the 
inflation reflex. The whole picture of respiratory reflexes in the rabbit is 
difficult to. analyse owing to this variation. Although the respiratory reflex 
produced by the amidines is blocked at a fairly constant temperature in 
different rabbits, and although in some individual rabbits it was apparently 


possible to differentiate between the deflation and the amidine reflexes, their . 


separate identity has yet to be proved. 


Respiratory action of veratridine in the rabbit 

The effects of 2x-naphthyl ethyl isothiourea on the respiration of rabbits 
has been described first because they are somewhat simpler than those of 
veratridine, though there are a number of points in common. In the rabbit 
intravenous injections of 5-10 ug./kg. veratridine causes a change in respiration 
which very much resembles that produced by the amidines. There is an increase 
in ‘expiratory volume’ sometimes accompanied by a temporary pause in the 
respiratory movements in the inspiratory position, followed by rapid shallow 
respirations which subside as the ‘expiratory volume’ returns towards its 
former value (Fig. 12). Providing the dose of veratridine is kept low, all 
respiratory changes are abolished by cutting the vagi; and even if some 
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alteration in respiration is still present after vagotomy, a point that will be 
discussed later, this alteration has not the same characteristic pattern as that 
desoribed above. As Fig. 12 also shows, cooling both vagi reduces first the 
quickening of respiration, which in twelve experiments was very much smaller 

,. or absent at about 11°C. The increase in ‘expiratory volume’ is not abolished 


sufficiently: well.with those obtained with. 2c-naphthyl ethyl isothiourea to 


Fig. 13. Rabbit, 2-1 kg.; pentobarbitone. Records of respiration (above) and blood pressure 
(below). At each signal 20g. veratridine were injectéd intravenously (1.v.) or into the 
cavity of the left auricle (L..) through a plastic tube. The chest wall was repaired and normal 
respiration restored before placing the animal in the respiration box. | 


leave little doubt that we are dealing with a similar phenomenon. The agree- 
ment in individual experiments wa still better; when the effects of the two 
drugs in doses which produced comparable respiratory responses were analysed, 
it was found that these responses changed their character at the same tem- 
peratures, and were abolished at the same temperatures (compare Figs. 11 and 
12 obtained in the same animal). These responses, as caused by 2«-naphthyl 
ethyl isothiourea, are believed to come from receptors in the lungs. In four 
experiments injections of veratridine into the left auricular appendage by. the 
method described previously failed to cause the characteristic response, while 
it was readily obtained on intravenous injection. 
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But although there was in many respects good agreement in the nature of 
the respiratory reaction provoked by veratridine and 2c-naphthyl ethyl 
isothiourea in the rabbit, certain differences were sometimes observed. A close 
inspection of Figs. 11 and 12 showed, for instance, that the increase of respira- 


sp. 
Resp. 
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2a-naphthyl ethy 20 20 
q isothiourea veratridine 
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Dignal 


Fig. 14. Rabbit, 1-7 kg.; pentobarbitone. Records from above downwards of respiration recorded 
as volume changes in the box shown in Fig. 1; of minute volume changes by a modification 
. Of Gaddum’s method ; and of blood pressure. Injections of 50 ng. 2«-naphthyl ethyl isothiourea 


and of 20yg. veratridine have quite different actions upon respiration. Compare Figs. 11 
and 12. 


tory tone was less striking, for a given cardiovascular response, on injection 
of veratridine. Occasionally, indeed, the injection of veratridine appeared to 
cause a mixed response in which there was at first a transient slowing or 
stoppage of respiration in the expiratory position followed by an increase in 
‘expiratory volume’ and rapid shallow respirations. An example of this type 
of reaction is to be seen in the second intravenous injection of Fig. 13. Less 
frequently, injection of veratridine in small doses, say 10yg./kg., caused 
a relatively pure inhibition of respiration in expiration, as in the first intra- 
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venous injection of Fig. 13. A particularly striking example of this difference, 
which is occasionally seen between the effects of 2a-naphthyl ethyl isothiourea 
and veratridine, is illustrated in Fig. 14. Finally, the injections of very large 


| doses of veratrine has been found to cause respiratory inhibition in expiration, 


with large decreases in ‘expiratory volume’ followed by prolonged slowing of 
respiration, which was unaffected by cutting the vagi. These responses have 


been differentiated further. 


Vagi 
to | to 10°C. 
Fig. 15. Rabbit, 2-6 kg.; pentobarbitone. Records of respiration (above) and of blood pressure. 
Injections of 20g. veratridine cause slowing of respiration with expiratory pauses unless 
the vagi have been cooled for 2 min. previously to 10°C. or below, when the character of 
the response is quite altered. . 


In four out of the nineteen rabbits used it was found that while small doses 
of veratridine caused rapid shallow respiration with an increase in ‘expiratory 
volume’ larger doses caused slow deep respirations with the respiratory pauses 
towards the expiratory position. That this response was not encountered very 
often is explained: first, by the fact that we were not alive to the possibility 
of encountering such a response during the earlier experiments, and preferred 
to use the smallest effective dose: and secondly, because the second effect is 
often overlaid by the first. In this limited number of experiments we were, 
however, able to find out a good deal about this phenomenon. It appears to 
originate, as can be seen when the dose is not excessive, from receptors in the 
lungs, and Fig. 13 shows the absence of response on injection into the left 
auricular appendage in a typical experiment. Fig. 15 shows that this response 
is also abolished by cutting the vagi, and it shows too, another most interesting 
aspect of the reaction. The two control injections caused great slowing of the 
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respiration which became deeper and with an obvious tendency for the pause 
to be in the position of expiration. When the vagi were cooled to 8°C., the other 
type of response was unmasked and there was an increase of ‘expiratory 
volume’, a slight reduction in depth, but no change in the rate of respiration, 
as would be expected since at 8°C. the fibres subserving the change in frequency 
are known to be largely blocked. At 10°C. there is a suggestion of a mixed 
effect, a primary expiratory pause, followed by the e increase in 


Fig. 16. Rabbit, 1-9 kg.; pentobarbitone. Records of respiration (above) and of blood pressure 
(below). Injections of 30 ug. veratridine intravenously (1.v.) or into the cavity of the left 
auricle (L.a.) through a plastic tube. The chest wall was repaired and normal respiration 
restored before placing the animal in the respiration box. bi 


‘respiratory tone’ and then again, as this subsides, a short phase of reduced 


_ frequency and increased depth of respiration. This suggests that at 10°C. 
there were still a very few fibres intact, responsible for the inhibition of 
respiration in the expiratory position. These observations strongly suggest 
that the fibres responsible may belong to the pulmonary stretch receptors. 
Such a conclusion would agree with the following experimental observations: 
(i) The inhibition of respiration occurs in the position of expiration. 

(ii) The receptors are in the lungs. 

(ili) The response is abolished by cutting the vagi. 

(iv) The response is abolished by cooling to approximately 8-10°C., at which 
temperature other observations have shown that these fibres are blocked. 
 (v) The evidence of Meier e¢ al. (1949) on the action of veratrine on pul- 
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monary stretch fibres is in accordance with this view although, for reasons 
discussed in the introduction, this evidence may not be quite conclusive. 

Finally there is a further type of respiratory change which is caused by the 
intravenous injection of veratridine, and which is not abolished by cooling 
or cutting the vagi. It consists of an inhibition or slowing of respiration with 
the respiratory pause in the phase of expiration, and it is commonly encoun- 
tered with somewhat larger doses of veratridine than those required to elicit 
the two types of respiratory change described above. This response is not caused 
by an action in the lungs since, as Fig. 16 shows, the slowing of respiration 
can be seen after injection into the left auricular appendage. This figure also 
illustrates the observation that the quickening of respiration caused by vera- 
tridine is due to an action on receptors in the lungs. In two rabbits the slowing 
and deepening of respiration which is unaffected by cutting the vagi, has been 
greatly reduced by denervating the carotid sinus region. There remains, in 
addition, the possibility of a direct action on the central nervous system. 

The various actions of veratridine on the respiration of the rabbit may be 
summarized thus: 

(1) Rapid shallow respiration with increase in ‘expiratory volume’ abolished 
by cutting the vagi, originating from receptors in lungs. 

(a) Cooling vagi to approx. 8-10°C. greatly reduces or abolishes quickening 
of rspiration. 

(6) Cooling vagi to approx. 5°C. abolishes increase in ‘expiratory volume’. 

(2) Slow deep respiration with pause in expiratory position abolished by 


‘cutting the vagi or by cooling to approx. 8-10°C., originating from receptors 


in lungs, and attributed to sensitization of pulmonary stretch receptors. 

(3) Slow deep respiration with pause in expiratory position unaffected by 
cutting the vagi and not originating from the lungs, attributed to an action 
on central nervous system or/and carotid sinus region. 


Rabbit lati. 


Analysis of the cardiovascular changes in the rabbit did not prove very 
profitable, as is so often the case in this species. 


. DISCUSSION 
We were originally stimulated to investigate the mode of action of veratridine 
and the amidines in the hope that they might shed new light on the normal 
processes of physiological function. And it now remains to be seen to what 
extent the findings can be equated with physiological processes already 
generally recognized. Since the analysis of the action of these compounds has 
proved complicated, it may assist the subsequent discussion to refer to our 


present state of knowledge as set out in Table 1. This table, which incorporates 
19—2 
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the deductions made in previous papers (Dawes, 1947; Dawes & Mott, 1950; 
Dawes & Fastier, 1950), in conjunction with the work of Krayer, Wood & 
Montes (1943), Aviado et al. (1949), Meier e al. (1949) and Heymans & 
Vleeschhouwer (1950), is by no means complete. It is intended to cover only 
the major reflex actions of these compounds, and does not incorporate the 
results of giving large doses upon the peripheral effector organs. 


TABLE 1. The effect of veratridine and the amidines on the circulation and respiration 


of the cat and the rabbit 
Circulation Respiration 
Action Receptors in Action Receptors in 
Veratridine Fall of and heart rate Coronary (1) Inhibitionin expiration. Lungs 
reflex). Vagal block circulation Vagal block 10°C. 
9~11°C. 
Large doses cause fall of — Large doses cause inhibi- Se 
action on C.N.8. action on C.N.8. 


Amidines Fall of B.P. and heart rate. Inhibition in expiration fol- Lungs 
Reduced by coos vagi yo lowed by rapid shallow 
below 11°C. i by and lungs breathing with increase in 


coo below 3°C. ‘expi volume’. V 
ling vagi agal 
Rabbit  Veratridine Fall of and heart rate. inhibition in expiration. Lungs 
fibres) 
by rapid shallow 
. Vagal block 
6°C. 
ine. 
on In @ 
t of vagi 
Amidines Fall of B.P. and heart rate. 1) Inhibition ininspiration Lungs 
Not analysed aowed by rapid 
Vagal block 
Sti 2.42 in Carotid 


th, independent of vagi sinusregion} 


A study of Table 1 indicates the caution which must be used in drawing 
conclusions from any individual experiment. For instance in the cat, vera- 
tridine in doses of 10-20yg. for an animal of say 2-3 kg. causes respiration 
to stop in the position of expiration, and this action is abolished by cutting 
the vagi. But if the dose of veratridine is then increased veratridine once 
again stops respiration in the position of expiration, and this is now due to an 
action on the central nervous system. Therefore in every experiment in which 
deductions are made as to the nature of the peripheral receptor stimulated by 
veratridine in the lungs, it is essential at some time in the experiment to cut 

_ the-vagi and to show that the respiratory action of the drug is abolished. In 
all the experiments described in the preceding pages, the necessary control 
observations to eliminate errors due to this cause antl to tachyphyllaxis have 


been undertaken, though for economy of space they are not described in full 
detail in every instance. 
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An examination of Table 1 also shows more clearly the differences and simi- 
larities between the actions of veratridine and the amidines. And one of the 
most interesting and unexpected of these differences is that which concerns 
the respiratory reflexes in the cat. In this species it would appear that the 
amidines do excite a reflex respiratory reaction of hitherto unknown type. 


. It is as well, therefore, to examine in greater detail the observations which 


lead to this conclusion. 

The eapwratory reflec im the cat. In two previous papers (Dawes & Mott, 
1950; Dawes & Fastier, 1950) it was found that phenyl diguanide and 
2a-naphthyl ethyl isothiourea caused breathing to stop for a few moments in 
the position of expiration. This response is abolished by cutting the vagi and 
is believed to be due to an action on receptors in the lung; for when the drug 
is injected intravenously or into the right ventricle or pulmonary artery 
breathing stops within 2 sec. or less, whereas when it is injected into the cavity 
of the left auricle or left ventricle the reflex is no longer to be seen. An example 
of this crucial observation is to be seen in Fig. 4. All the afferent fibres for the 
reflex must run in the vagi, since the reflex response is abolished by cutting the 
vagi, and since bilateral thoracic sympathectomy does not influence the 
respiratory pause and subsequent quickening. The respiratory pause is not due 
to stimulation or sensitization of the pulmonary stretch receptors for three 
reasons. First, direct recording of single vagal fibres with activity character- 
istic of these endings shows no change in the normal pattern of response on 
injection of the amidines, whereas they are greatly sensitized and fire con- 
tinuously after an injection of veratridine, which also causes respiration to 
stop in expiration. Secondly, cooling the vagi to about 10°C. blocks conduction 
in the pulmonary stretch receptor fibres, as shown by Whitteridge (1948) and 


confirmed by us using a slightly different type of thermode. Cooling the vagi 


to 10°C. also abolishes the respiratory pause caused by veratridine, but at this 
temperature the response to the amidines is unaltered, and does not begin to 
be reduced until the vagi are cooled below 3°C. Thirdly the respiratory response 
caused by the amidines differs somewhat from that caused by veratridine ; 
for in the former instance the expiratory pause is followed by a period of rapid 
breathing sometimes accompanied by a slight increase in * expiratory volume’, 
whereas after the expiratory pause caused by veratridine the breathing slowly 
increases in rate until it regains its initial frequency. 

On general principles it would seem probable that there should be two classes 
of specialized receptors in the lungs, those concerned with the movements of 
respiration and those concerned with the control of the circulation. To these 
we may add chemoreceptors, temperature and pain receptors as other possible 


endings which might be concerned in this reflex. By chemoreceptors are 


meant receptors which are normally sensitive to changes i the chemical 
environment under physiological conditions, such as those sensitive to oxygen 
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lack or carbon dioxide excess. Obviously many other types of receptors may . 


respond to drugs, as the pulmonary stretch endings of the cat do to veratridine, 
but by definition these cannot be classed as chemoreceptors. 

To return to those specialized receptors which are concerned with respiration, 
there is evidence for the existence of two types, the ‘inflation endings’ or 


pulmonary stretch receptors, which as we have shown are not excited by the © 


amidines, and the ‘deflation endings’. Direct evidence for the existence of 
the latter in the cat has been disputed, and excitation of such endings might 
reasonably be expected to cause respiratory arrest in the position of inspiration. 
If any such endings are responsible for the action of the amidines it would 
therefore have to be by an inhibition of their tonic activity. This hypothesis, 
while it cannot be at once dismissed, does seem unlikely. The existence of 
fibres in the vagus whose activity supplements the ‘inspiratory drive’ has 
been postulated by Larrabee & Knowlton (1946) and Knowlton & Larrabee 
(1946) as a result of their investigations into the rate of adaptation of these 
fibres to changes in lung volume. They conclude that the rapidly adapting 


_ fibres, which may excite inspiration, are not in action in eupnoea. They could 


not then possess tonic activity, and cannot be responsible for the amidine 
reflex. Pearce & Whitteridge (1950), quoted by Whitteridge (1950), have 
described true deflation endings in the cat, but no details of the fibre charac- 
teristics are available. It seems improbable on the present evidence that either 
of these respiratory receptors is involved in the response to the amidines. 

There are two types of reflexes from the lungs which are excited by changes 
in the pulmonary circulation. The first is that described by Schwiegk (1935) in 
the cat and by Daly, Ludany, Todd & Verney (1937) in the dog. The adequate 
stimulus for this reflex is a rise in pressure in the pulmonary vascular bed, 
probably on the venous side and its effect, a fall of blood pressure and heart 
rate. There is no published evidence of a concomitant effect upon the respira- 
tion and, for this reason together with the dissociation of the amidine respira- 
tory reflex from a depressor response in some animals, or by cooling, or by the 
use of different amidines in others, it is quite certain that the receptors for 
this pulmonary vascular reflex are not responsible for the amidine respiratory 
reflex in the cat. 

* The second type of reflex from the vascular tissues of the lung is that 
produced by multiple minute emboli. And at the same time we may consider 
the pulmonary vascular fibres described by Whitteridge and his colleagues. 
These fibres are blocked by cooling the vagi to 3-4°C. (Whitteridge, 1948), and 
the rapid breathing which follows the injection of small starch grains survives 
cooling to 6°C. The possible identity of the pulmonary vascular fibre-endings 
with the receptors for the tachypnoea following multiple minute pulmonary 
emboli has recently been discussed in detail by Whitteridge (1950). So far as 
the available facts go, it is possible that the receptors for the amidine reflex 
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are identical with these. When due allowance is made for the difference in 
experimental techniques the temperatures are sufficiently similar. Although 
an expiratory pause is not a feature of the reaction to multiple starch embolism, 
while the tachypnoea is very prolonged, this difference could be accounted for 
by the injection of an amidine causing an immediate reaction of greater 
severity, followed by short tachypnoea as the drug concentration falls rapidly. 
At least this set of mechanisms does provide a possible basis for the amidine 
reflex. If we reject it, we may be driven to postulate a new type of receptor, 


and while this possibility may have to be considered, it is better to try to fit 


our facts to the existing scheme if they can be so fitted. 

If the respiratory reaction to the amidines is due to receptors in the vascular 
tissue of the lungs, there are two further possibilities to be considered, either — 
that the amidines have a direct action on the receptor itself, or that they 
cause a change in pressure, by an action on the arterioles for instance, and thus 
indirectly excite the receptors. There is, however, no evidence for the latter 
view. Measurements of the pulmonary arterial pressure show little or no altera- 
tion in mean pressure on injection of a dose of phenyl] diguanide or 2«-naphthyl 
ethyl isothiourea sufficient to cause the usual respiratory reactions. These 
conclusions are reinforced by the failure to observe any consistent respiratory 
change resembling that caused by the amidines on injection of adenosine- 
triphosphate which does cause a very large rise of pulmonary arterial pressure, 
both before and after cutting the vagi. The probability is therefore that the 
amidines affect the receptors directly, if indeed a vascular receptor is impli- 
cated. This is the more strange in view of the total lack of evidence for the 
amidines affecting directly any other type of mechano-receptor, either pul- 
monary stretch fibre, aortic depressor fibre, auricular venous fibres or the 
stretch receptors of the frog’s toes (Cabrera, 1950 unpublished). 

The inspiratory reflex in the rabbit. The actions of the amidines and of 


veratridine on respiration in the rabbit have been shown to possess in one 


respect an interesting similarity, the ability to stimulate receptors in the lung 
which cause a complex respiratory response characterized by a striking increase 
in what has been defined as ‘expiratory volume’. Since the physiological 
stimulus for these receptors also has not been identified, it is as well to examine 


closely the evidence on which our conclusions have been based. The response 


is believed to be due to an action on receptors in the lung, since it can be 
obtained on intravenous injection of the drug, but not when it is injected into 
the cavity of the left auricle. The afferent fibres for this reflex run in the vagi, 
since cutting these nerves or cooling them below 6°C. abolishes the character- 
istic response. As in the cat, the action of the amidines cannot be explained 
by an alteration in the pulmonary vascular bed, which might cause a change 
in intravascular pressure and hence stimulation of pulmonary vascular pressure 
receptors. As in the cat, we can also exclude the possibility that the respiratory 
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response is primarily due to sensitization or excitation of the pulmonary 
stretch receptors. For in the rabbit with both vagi cut there is direct evidence 
that these are not affected by the amidines; the temperature range over which 
the pulmonary stretch receptor fibres are blocked is above that at which the 
characteristic reflex response to 2a-naphthyl ethyl isothiourea or veratridine 
is blocked; and in the case of veratridine, which both stimulates the pulmonary 
stretch receptors and causes the reflex response characteristic of the amidines, 
these two actions can be distinguished by the individual characters of the 
response and by differential cooling of the vagi. And yet it is clear that the 
activity of the pulmonary stretch receptors does play a limited secondary 
part in the reaction to these drugs in the intact animal. The increased ‘expira- 
tory volume’ inevitably evokes a normal physiological response from these 
receptors. And in the rabbit with one or both vagi imtact the injection of 
- 2a-naphthyl ethyl isothiourea causes the receptors to be stretched by the 
increased chest volume, and records from the afferent fibres show at this time 
a continuous discharge in response to this normal stimulus. The effect of this 
discharge is evidently to limit the rise in chest volume and to increase the 
_ frequency of respiration, since progressive cooling of the vagi greatly reduces 
the increase in frequency while the rise in expiratory tone is even larger. 

Much less detailed work has been done on the reflex control of breathing in 
the rabbit than in the cat, and we are therefore on less sure ground when we 
come to speculate about the nature of the receptors for this type of response. 
Since its most striking feature is an increase of ‘expiratory volume’ it is 
tempting to suppose that this is due to an excitation or sensitization of 
pulmonary ‘deflation endings’, the greater activity of which would be calcu- 
lated to augment the inspiratory effort. Such endings were described in the 
rabbit by Adrian (1933), that is to say he observed vagal fibres whose activity 
was increased by deflation of the lungs, and which did not show a cardiac 
rhythm. There is no direct evidence of the central action of this type of fibre 
upon breathing, and a certain caution is therefore advisable before concluding 
that these fibres do cause or supplement inspiratory effort. It is possible, as 
Adrian pointed out, that these are pulmonary stretch receptor fibres stimulated 
by the abnormal deformation of the lung consequent on suction. We have 
from time to time observed in the rabbit, fibres which discharge more fre- 
quently either during normal or excessive deflation; sometimes they possess 
during spontaneous respiration a pulmonary stretch fibre rhythm, and on 
suction they often acquire a cardiac rhythm as if they were being pressed 
against a great vessel; none has shown an increased frequency of discharge 
on injection of the two amidines. 

There is a further feature of the reflex action of these drugs on breathing in 
the cat and rabbit which remains to be discussed. It is evident that since they 
are producing different reflex responses in the two species, which are blocked 
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by cooling the vagi to somewhat different temperatures (less than 3°C. in the 
cat and about 5-6°C. in the rabbit), we may very well be dealing with two | 
different types of peripheral receptors, and different sizes of afferent nerve 
fibres. In the cat respiration stops in the expiratory position and in the 
rabbit in the inspiratory position, and in both species this is followed by 
a period of more frequent respiratory movements with a tendency to adopt 
the mid-position. At first sight it would seem highly improbable that the 
receptors in the lungs should fulfil the same physiological function in the two 
species. Yet in that case we should have to postulate the existence of two new 
types of reflex mechanisms. Is it too much to suppose that the nature of the 
alteration in breathing is determined primarily by the activity of the respira- 
tory centre; that the afferent discharge in response to the drug is the same in 
the two species, but that in the cat the central mechanism is such that it tends 
to stop breathing in expiration, and in the rabbit in inspiration? This would of 
course imply that the peripheral mechanism was not of such a nature that its 
purposive function was dependent on the phase of respiration; for instance, it 
would exclude these ‘deflation endings’ whose primary function is to promote 
inspitation. This proposition avoids the difficulty of postulating two different 
types of pulmonary receptors in the cat and rabbit, but by excluding the 
phase of respiration as an important attribute of the physiological function of 
the receptor, it makes speculation on the nature of the receptor by so much 
the more restricted. At this point it seems appropriate to observe that it is by 
no means clear, on general physiological grounds, to what extent it should be 
necessary for inspiration to start from one ‘expiratory volume’ rather than 
another, within certain limits. Obviously if the initial ‘expiratory volume’ is 
too great, because the inspiratory muscles are in a state of greatly increased 
tone, then the tidal air will be much limited, and the proportionate effort in 
achieving a given minute volume will be, perhaps unnecessarily, increased. 
And vice versa, if the initial ‘expiratory volume’ is very low, a correspondingly 
increased expenditure of energy may be expected. It seems reasonable to 
suppose that tidal air x frequency = minute volume is the physiologically im- 
portant variable, whereas the initial ‘expiratory volume’ and the exact 
proportion of tidal air or frequency required to obtain a given minute volume 
is a matter of convenience. The factors determining these variables in practice 
are obscure. 

Cardiovascular responses in the cat. The experiments on cooling the vagi in 
the cat have produced further evidence differentiating the cardiovascular from 
the respiratory reflex responses caused by both veratridine and the amidines. 
Apart from this the most interesting feature of the results concerns the Bezold 
reflex. The physiological basis for this reflex, that is to say the normal function 


of the receptors, has not yet been identified with certainty, though circum- 


stantial evidence points to presso-receptors in the walls of the left ventricle 
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(Dawes, 1947; Jarisch & Zottermann, 1948). The observations by Jarisch & 
Zottermann suggested that the vagal afferent nerve fibres involved were very 
small. The cooling characteristics of these fibres are not in agreement with this 
conclusion, for the Bezold reflex in the cat is abolished by cooling the vagi to 
only 8-11°C. Veratridine is known to stimulate repetitive discharges from 
many different types of nerve, and the observation of such discharges cannot 
alone be regarded as substantial evidence in support of the identity of these 
fibres with those responsible for the Bezold reflex. On the other hand, if the 
latter are indeed larger than had been supposed, there is a greater chance of 
their identification by other means. 


SUMMARY 

1. The reflex actions of veratridine, 2a-naphthyl ethyl isothiourea and 
phenyl diguanide upon the — and respiration have been examined 
in the cat and rabbit. 

2. From experiments in which action potentials were recorded from the 
vagi, or in which these nerves were progressively cooled, it is concluded that in 
the cat: 

(a) Veratridine causes inhibition of respiration in the expiratory position by 
sensitization or excitation of the pulmonary stretch (volume) receptors. 

(6) The two amidines cause inhibition of respiration in the expiratory 
position, followed by a transient complex change in breathing, by an action 
on other receptors in the lung. From the behaviour of the vagal afferent 
fibres of this reflex on cooling, it would seem likely that they are of small 
diameter. This reflex response has not been identified with any known physio- 
logical mechanism. 

(c) The respiratory and cardiovascular reactions to these drugs may also be 
differentiated further by controlled cooling of the vagi. These results would 
suggest that the Bezold reflex is subserved by fibres of larger diameter than 
had been supposed. 

3. In the rabbit it was found that: 

(2) Both veratridine and the amidines cause inhibition of respiration in 
the inspiratory position followed by rapid shallow respiration and an increase 
in the total of residual and supplementary air (‘expiratory volume’). The 
pulmonary receptors for this reflex response also are unknown. 

(6) In addition, veratridine may sensitize or excite pulmonary stretch 
receptors, and may in large doses cause an alteration in breathing by an action 
on the carotid sinus area and/or central nervous system. The amidines in large 
doses may increase the tidal air by an action on receptors in the neighbourhood 
of the carotid bifurcations. 

4. The relationship is discussed between these reflex responses and the 
known types of physiological receptors i in the lungs. 


‘ 
i 
wy 
We 
j 
“% 
4) 


™= 


RESPIRATORY AND CARDIOVASCULAR REFLEXES 291 


REFERENCES 
Adrian, E. D. (1933). J. Physiol. 79, 332. 
Aviado, D. M., Pontius, R. G. & Schmidt, C. F. (1949). J. Pharmacol. 97, 420. 
Bezold, A. von & Hirt, L. (1867). Unters. physiol. Lab., Wirzburg, 1, 73. 
Burstein, M. (1938). J. Physiol. Path. gén. 36, 62. 
Daly, I. de B., Ludany, G. V., Todd, A. & Verney, E. B. (1937). Quart. J. exp. Physiol. 27, 123. 
Dawes, G. 8. (1947). J. Pharmacol. 89, 325. 
Dawes, G. 8. (19514), Acta physiol. scand. 22, 73. 
Dawes, G. 8. (19515). J. Physiol. 112, 29 P. 
Dawes, G. 8. & Fastier, F. N. (1950). Brit. J. Pharmacol. 5, 323. 
Dawes, G. 8. & Mott, J. C. (1950). Brit. J. Pharmacol, 5,65. 
Dawes, G. 8., Mott, J. C. & Widdicombe, J. G. (1951). J. Physiol. 112, 46 P. 
Emmelin, N. & Feldberg, W. (1948). Brit. J. Pharmacol. 8, 273. 
Gaddum, J. H. (1941). J. Physiol. 99, 257. 
Gaddum, J. H., Peart, W. 8. & Vogt, M. (1949). J. Physiol. 108, 467. 
Head, H. (1889). J. Physiol. 10, 279. 
Heymans, ©. & de Vleeschhouwer, G. (1950). Arch. int. Pharmacodyn. 84, 409. 
Jarisch, A. & Zottermann, Y. (1948). Acta physiol. scand, 16, 31. 
Knowlton, G. C. & Larrabee, M. G. (1946). Amer. J. Physiol. 147, 100. 
Krayer, 0. & Acheson, G. H. (1946). Physiol. Rev. 26, 383. 
Krayer, O., Wood, E, H. & Montes, G. (1943). J. Pharmacol. '79, 215. 
Larrabee, M. G. & Knowlton, G. C, (1946). Amer. J. Physiol. 147, 90. 
Meier, R., Bein, H. J. & Helmich, H. (1949). Haperientia, 5, 484. 
Partridge, R. C. (1935). Canad. med. Ass. J. 33, 11. 
Schwiegk, H. (1935). Pfliig. Arch. ges. Physiol. 236, 206. 
Whitteridge, D. (1948). J. Physiol. 107, 496. 
Whitteridge, D. (1950). Physiol. Rev. 30, 475. 
Whitteridge, D. & Biilbring, E. (1944). J. Pharmacol, 81, 340. 


% 
Ww 
Sct 
# 
a 
} 
¢ 
A 
4 
4 


J. Physiol. (1951) 115, 292-295 


THE COLLECTION OF INTESTINAL LYMPH 
FROM NORMALLY ACTIVE RATS 


By RONALD R. TASKER 


From the Banting and Best Department of Medical Research, University 
of Toronto, Toronto, Canada — 


(Received 13 March 1951) 


Bollman, Cain & Grindlay (1948) have developed an excellent method of 
collecting intestinal lymph in the conscious rat, using an exteriorized plastic 
tubing cannula draining into a container placed below the animal’s cage. With 
this arrangement it is necessary to immobilize the rat in a special holder 
(Bollman, 1948). We have devised a procedure for collecting intestinal lymph 
in an artificial cistern enclosed in the peritoneal cavity of the rat, so that the 
animal is free to move at will, and is therefore more useful for certain types of 
physiological study. The cistern, shown in PI. 1, fig. 1, is a 10-12 ml., or 20 ml. 
if desired, glass bulb with two side-arms similar to the artificial gall-bladder 
devised by Sawyer & Lepkovsky (1935), and used by Colwell (1950) in this 
laboratory. 


METHOD 


A right subcostal incision, as used by the Mayo group (Bollman e al. 1948), is 
made in rats of the Wistar strain weighing over 150 g. and anaesthetized with 
ether. The sheath of the rectus abdominis muscle should not be opened, lest 
the superficial epigastric artery bé cut. With the lumbar spine hyper-extended, 
and the duodenum reflected to the animal’s left, the main intestinal lymph vessel 
is dissected free under low magnification and good illumination. This trunk is 
constantly found along the cephalic side of the superior mesenteric artery. In 
most rats two small tributaries, which should not be torn, join the main trunk. 
One drains nodes along the hepatic artery, the other, crossing the mesenteric 
artery, communicates with a lesser intestinal trunk which lies along the caudal 
side of the artery (see Text-fig. 1). The main trunk is now tied off with silk 
as far cephalad as possible; a second length of silk is looped dorsal to it more 
caudally, and the lesser trunk is tied and divided. A 13-gauge needle is now 
passed through the posterior body wall on each side of the spine and vena cava. 
The right one passes between the adrenal gland and the liver; the left between 
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the hepatic and mesenteric arteries (Text-fig. 1, inset). A single 8 in. length of 
no. 24 transflex plastic tubing is threaded through both needles so that it 
passes out through the body wall, dorsal to the spine, and then re-enters the 
peritoneal cavity. ‘The needles are then removed. The tubing is held stable 
without tension‘ along its length with one end along the vessel to be cannulated 
and the other directed caudally in the peritoneal cavity so that it can be readily 


cannula 
inserted into 
lymphatic 


sup. mesenteric 
artery 


artificial lymph 
cistern 
Method of looping 


cannula dorsal _— 
to spine 


Text-fig. 1. Operative field with cistern and cannula in place. Inset shows method by which 
cannula is looped dorsal to spine. 


attached to the artificial lymph cistern as described below. The main lymph 
trunk is nicked with iridectomy scissors, just cephalad to the tributary from 
the hepatic nodes if it is present, and the cannula is inserted and tied. The small 
tributary vessel is ligated in the process. | 
The artificial lymph cistern is next attached. A 1 in. length of rubber tubing 
is slipped over the larger of the side-arms, while a } in. length of no. 18 transflex 
tubing, softened in acetone, is stretched over the smaller side-arm and allowed 
to dry, sealing the joint (see Pl. 1, fig. 1). The whole is rinsed with heparin and 
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placed in the peritoneal cavity with the smaller side-arm pointing cephalad. 
The rubber tubing attached to the larger side-arm is passed out through the 
body wall at the lateral border of the right quadratus lumborum muscle as far 
caudally and dorsally as possible with the aid of a 13-gauge needle and a fine 
haemostat. The no. 24 tubing already inserted in the intestinal lymph trunk is 
now cut to a suitable length and the slack taken up. Its free end, from which 
lymph is issuing, is inserted into the no. 18 tubing sealed to the cistern until 


l 


20 4 60 
Hours postoperative 
Text-fig. 2. Effect of two successive meals of 1 ml. olive oil on rate of flow of intestinal lymph 
in a fasted 250 g. female rat. 


the end projects into the body of the cistern. A snug fit is effected and secured 
with a ligature about the no. 18 tubing. Text-fig. 1 shows the tubing and bulb 
in place. The incision is then sutured, and the outlet of the lymph cistern is 
anchored with a rubber washer. Pl. 1, fig. 2, shows the completed operation. 

Post-operatively the animals are given 5 ml. normal saline by stomach tube. 
They recover rapidly and suffer no ill-effects from the presence of the bulb 
in the abdomen. Sodium chloride (0-5 % ) is provided in the drinking water to 
offset electrolyte loss. The rats may be force-fed test meals without risk of 
dislodging the cannula if they are held by the skull and base of the tail. 
Zephiran chloride (high molecular weight alkyl-dimethyl benzylammonium 
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Fig. 1. The artificial lymph cistern with two side-arms and attached tubing. The needle is used for 
evacuation of the cistern. 


Fig. 2. Rat showing completed operation. The incision, cannula looping over spine, and outlet 


of cistern are shown. 
To face p. 294 
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chloride), sufficient to effect a final concentration of 1: 3000 in the collected 
lymph, is placed in the cistern to inhibit micro-organisms. This agent is water 
soluble and doés not coagulate lymph. The bulb is evacuated at appropriate 
intervals with a blunted no. 19 spinal needle. 

With this technique, provided the lymph flows freely at operation and the 
tubing is securely fixed, it is unusual for the flow to cease before about 10 days. 
The animals cannot molest the cannula where it loops dorsal to the spine, and, 
although they sometimes gnaw at the rubber washer anchoring the outlet of 
the lymph cistern, the outlet itself is not interfered with and is soon fixed in 
place with scar tissue. The cannula rarely pulls out, and coagulation of the 
lymph is uncommon. Any premature cessation in the filling of the cistern 
almost invariably occurs within the first 24 hr. These observations confirm 
those of the Mayo Foundation group, that clotting of the lymph in their 
cannulas rarely occurred after the first 18 hr. Pursuing this lead the latter 
workers discovered in these rats which had lost intestinal lymph, that an 
increased bleeding tendency developed, which could be corrected by parenteral 
vitamin K (Mann, Mann & Bollman, 1949). We have not investigated this 
problem, but have not been impressed by any haemorrhagic tendency in our 
animals. Bleeding into the lymph with resultant clogging of the cannula is rare. 
_ Hence our rats require no attention beyond that given normal animals. Under 
the conditions described, the volume of lymph obtained is about the same as 
that reported by the Mayo group: 0-5-1 ml. per hour in fasting rats, 2-5 ml. in 
those fed fat. Text-fig. 2 shows the response of lymph flow to two successive 
meals of 1 ml. olive oil in a fasted rat. Other factors ‘which affect lymph flow 
will be studied. 

Through the kindness of Dr Bollman, the author was privileged to spend a week at the Mayo 
Clinic Institute studying their method of cannulation. . 
The author is indebted to Prof. 0. H. Best, Banting and Best Department of Medical Research, 
University of Toronto, for his help and stimulating suggestions. . 
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ASSESSMENT OF GROUP ACCLIMATIZATION 
TO HEAT AND HUMIDITY 


By W.8. 8, LADELL 


From the Colonial, Medical Research Commitiee's Laboratory for Hot Climate 
| Phystology, Oshodi, near Lagos, Nigeria 
(Received 17 March 1951) 

As pointed out by Robinson (1949), conditions in actual industrial or climatic 
situations are not so severe as those that may be imposed experimentally; 
but heat tolerances have, to a considerable extent, been measured on men 
artificially acclimatized to these unrealistic extremes (Adolph, 1946; Medical 
Research Council, 1946, 1947; Robinson, Turrell & Gerking, 1944; Eichna, 
Bean, Ashe & Shelley, 1945). Naturally acquired acclimatization to heat such 
as is exhibited by Bantu mine workers (Weiner, 1950) or by West African 
labourers (Ladell, 1950), when judged by the usual criteria of sweat rate and 
rectal temperature changes in a standard severe climate, falls short of the 
‘full acclimatization’ which can only be acquired by successive repeated 
exposures to, and work in, a severe climate over a period of time; no method 
has yet been suggested, however, by which any but an arbitrary qualitative 
assessment can be made of such incomplete states of acclimatization. A num- 
erical scale is required, based on some objective changes found during 
acclimatization, such as a rise in rectal temperature or in sweat rate. The 
variation between individuals, however, is so great that observations on the 
heart rate, rectal temperature rise or sweat rate made on an individual during 
a single exposure to a standard test could not be used to assess with any 
accuracy his degree of acclimatization to heat; for example, the sweat produced 
by one man on his first exposure to heat may be as much as that produced 
by another man who is nearly fully acclimatized (see Table 1). Even with 
several successive exposures the acclimatization could only be deduced from 
the improvement shown in the performance, and the testing would in fact 
become an acclimatization course. 

Although it would be ideal to be able to assess the degree of acclimatization 
to heat of individual men, this is not absolutely necessary in practice. Men 
are dealt with in groups rather than as individuals, e.g. as ‘novices’ or 
‘veterans’; each group is usually composed automatically of men who have 
had the same ‘treatment’ and who, therefore, ~~ be assumed to have 
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approximately the same degree of acclimatization to heat. A mine manager, 
for example, might wish to know the ‘inherent’ acclimatization of a batch 
of new recruits, none of whom had previously been exposed to severe heat; 
or, on another occasion, the degree of acclimatization attained by a group of 
men working in one particular district prior to transferring them to another, 
hotter, one. A method of assessing group acclimatization would therefore be 
useful. Now a regression could be calculated of the mean value for a certain 
observation on ‘day of exposure’ to show how this mean value, obtained 
from @ group of subjects during a standard routine, changed as the group 
became acclimatized ‘by successive exposure to and work in the heat. If none 
of the group had previously been exposed to heat, and the regression of, for 
example, sweat rate on certain days was given statistical validity, this regres- 
sion could subsequently be used as a standard of comparison, or ‘scale’, 
against which the partial acclimatization could be measured, by means of 
their mean sweat rate, as equivalent to so many days of ‘artificial acclimatiza- 
tion’. In this contribution an attempt is made to derive two such regressions 
from the acclimatization records of the subjects investigated by the Medical 
Research Council team at the National Hospital, Queen Square, during 1944 
and 1945 (Ladell, 19475). | 

Over forty men were acclimatized by the team; none of the forty had recently 
been to the tropics or had been working under hot conditions; all were military 
or naval personnel who had been passed fully fit and who had volunteered 
for the tests. The oldest man of the group was 38 years, the youngest 18. Of 
the forty only fourteen were subjected to an identical acclimatization routine; 
three others, however, had routines sufficiently similar for observations on 
these men to be included with those on the fourteen. The regressions to be 
described were therefore derived from a selected sample of seventeen men. 
Acclimatization was never formally completed; after the first nine exposures, 
spread over 2 weeks, when acclimatization was nearly complete, the subjects 
were placed in other climates and subjected to other routines, and their 
acclimatization completed without any further formal observations. Some 
men failed to complete the 2 week’s course or were switched to other routines — 
before the 2 weeks had expired; figures are in fact available only as follows: 
ten men for nine exposures, three for eight exposures, two for six exposures 
and one for five. In the calculations allowance had to be made for these 
missing values. Also the protocols for four experiments were inadvertently 
destroyed, so in all nineteen sets of results, out of a possible 153, were estima- 
tions and not observations; this still left, however, 133 degrees of freedom for 
any statistical analysis, whereas if consideration had been confined to those 
results on the ten subjects who completed the full course there would only 
have been 89 degrees of freedom. It was therefore considered preferable to 
use all the results available. | 
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Taste 1. Observed sweat losses (not corrected for weight) for each of the seventeen subjects 
during the index period (time 12-92 min.). For comparison the mean corrected sweat: loss 
The individual o.s.L. values are plotted in Fig. 2(a). 


ml. eweat in 80 min. 
Subject Wt. Day 1 Day2 Day3 Day 4 Day Day6 Day7 Day8 Day 9 


Part I. Individual Observations 
62:13 665 639 #780 Lost 755 878 860 757 1090 961 
BRA 7768 448 820 848 790 700 789 930 864 900 813 
BOL 6337 700 903 ##$j.748 Lost 770 754 1003 107 — —_ 
CAP 99-908 426 980 Lost 1110 1504 — —_ — — _ 
MOA 6625 485 332 520 6520 416 530 377 £4528 +#$®$730,° 572 
HAM 73-88 922 819 1247 1025 903 720 926 1084 1113 1180 
COL 6280 730 685 Lost 867 1035 — — 
REE 67:33 915 1030 865 940 10085 875 856 690 ~~ 671 
PIK 6421 540 640 655 575 775 755 850 1040 £825 
WIL 56:23 965 1145 1160 1330 1570 1485 1082 1480 = 1337 
MCK 6136 720 900 880 #980 1125 1131 41180 1079 1120 


Part II. Means (Corrected for Weight) 


ost. 68:02 779 865 952 972 #955 1071 1107 1158 1157 Not cal- 
8.2. — 663 547 656 741 700 861 849 831 82-5 culated 


PART I. EXPERIMENTAL OBSERVATIONS 
Acclimatization routine 

The subjects were exercised in the hot room maintained at a dry-bulb temperature of 100°F. 
(37-8°C.), wet bulb 93-94°F. (34°C.), aqueous vapour pressure 38-5 mm. Hg, air movement 
50 ft./min. (15 m./min.). On entering the hot room the subject rested for 15 min., then began 
a series of 20 min. cycles, each of 5 min. work and 15 min. rest. The work consisted of stepping 
up and down a stool 1 ft. high 12 times a minute in two of the first four cycles and 24 times 
@ minute in the other two cycles; the mean metabolic cost of this routine was 87 kg. cal./m.*/hr. 
The subjects were nude, but wore on one arm a bag for collecting sweat (Ladell, 1948); the first 
seven subjects only wore the bag on alternate days. Subjects were weighed on entering and on 
leaving the hot room, and except for the first seven subjects when they were wearing bags, before 
and after each bout of work, i.e. at approximately 10 min. intervals. Rectal temperatures and the 
pulse rates of the subjects (standing) were taken before and after work in all cases and on entering 
and leaving the room; sitting pulse rates were taken before each work. The first seven subjects 
were not allowed to drink, but the others were allowed enough water to make good their sweat 
losses. The three subjects who worked at a higher rate did so at a mean metabolic cost, for two 
of 92 kg.cal./m.*/hr. and for one of 98 kg.cal. The effects of the variations in work and in fluid 
intake will be considered in the final discussion. 

Missing values. From examination of those sets of observations which were complete it appeared 
that two approximations were justified for the purpose of estimating the missing values: 

(1) That a subject’s performance tended to improve steadily with each successive exposure. 

(2) That the performance of a given subject relative to the mean performance of the whole — 
group was approximately the same at all stages of acclimatization. 

From (1) figures for rectal temperature and sweat production were assessed for those tests for 
which the protocols had been lost as the means between the corresponding figures for the day 


PAR 6839 1010 1070 1200 1260 1270 «#41188 1374 1450 1545 1488 
BYR 67-66 1035 1163 1370 1264 1167 1473 
FLE. 62-43 672 857 891 839 909 994 1208 1354 £1132 
4 BEN 7878 1572 1253 1538 1893 1721 1905 1922 — -— — 
4 CUS 59-98 561 676 731 837 907 1022 981 1078 — — 
EDE 6403 1136 1165 1382 1239 1520 1523 1655 1697 
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before and the day after the test in question. In those tests where intermediate weights had not 
been observed sweat losses for intermediate periods were estimated as proportions of the total 
sweat loss for the whole exposure, the proportion being estimated from that observed on the sub- 
ject on the days immediately before and after the day in question. Except for estimates of the 


overall sweat loss in the case of the four missing protocols figures derived in this way were not 
utilized in the construction of the acclimatization scale. 


Sweat losses were estimated for the hypothetical later exposures of those subjects who failed to 
complete the series of nine tests by the application of approximation (2) as in the following 
example: subject Q only completed eight exposures; the ratios of the daily sweat losses of sub- 
ject Q to the daily summed losses of the group who completed nine exposures were, for days 
1-8 respectively, 1 to 6-4, 7-0, 6-4, 7-2, 5-2, 6-3, 6-0 and 5-9; the mean value of this ratio calculated 
by reciprocals is 1 to 6-3. The missing value for day 9 was assessed as that figure which would give 
the same ratio, 1 to 6-3, to the summed losses for those subjects actually observed on day 9. 
Similar ratios were calculated for the other . ubjects who failed to complete 9 days and the hypo- 
thetical values derived in the same way. The day-to-day variation in the ratio for any one subject 
was never greater than in the example given. The values estimated in this way were used in the 
construction of the acclimatization scale. . 


Course of acclimatization | 

The acclimatization followed the course described by other workers (Mc- 
Ardle, 1944; Eichna, Bean, Ashe and Nelson, 1945; Bean & Eichna, 1943; 
Robinson, Dill, Wilson & Nielsen, 1941), except that changes in pulse rate 
were not marked. McArdle’s method of plotting daily sweat rate/rectal 
temperature curves was adopted; the series for the present set of seventeen 
men acclimatized for 9 days is shown in Fig. 1. This figure was constructed 
as follows. 

To obtain the curve for a given exposure the.group means were calculated of the mean rectal 
temperature and of the sweat rate in each successive work and rest period. The first point on each 
curve is the mean temperature and sweat rate for the first 10 min. of that exposure; the second 
point, however, was not plotted from the corresponding figures for the second 10 min. but from 
the mean between these and those for the first 10 min.; it therefore represents a mean for a 20 min. 
period of rest then work. The third point is the mean between the second and third 10 min. (work 
followed by rest), the fourth is the mean between the third and fourth 10 min. and so on. 

Each point therefore represents the mean for a 20 min. period of work and 
rest, but the periods overlap. In this way gross differences between working 
and resting periods are eliminated. The resultant curve is representative of 
a mean metabolic rate, and corresponding points on different curves represent 
corresponding periods in the exposures. The series of curves, shown in Fig. 1 
and constructed in this way, demonstrate McArdle’s observation that one of 
the earliest changes in acclimatization is a lowering of the threshold rectal 
temperature for sweating; which is followed later by an increase in the sweat 
rate at a given rectal temperature. 

The means of the rectal temperatures (observed and estimated) in each 
exposure are shown in Table 2: Initial resting temperatures become lower as 
the subjects were acclimatized; this may be an effect of acclimatization. 


Rectal temperatures were still rising even after five cycles at the end of every 
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exposure, and thermal equilibrium was not achieved no matter what the state 
of acclimatization. The rate of _— — rise was approximately 
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Sweat rate.(mi./min./man) 


Rectal temperature (°F.) 


Fig. 1. Mean sweat rate/rectal temperature curves for the group of seventeen men on successive 
exposures during nine days’ acclimatization. Odd-numbered days are shown as solid lines 
with dots, even-numbered days are shown as broken lines with crosses. There is a time 
element in these curves; corresponding points on the different curves refer to the same 
overlapping period in each exposure. To facilitate counting, the 3rd, 6th and 9th points on 
each curve are shown as circles with the number of the day to which the curve refers inside. 
Note that in early exposures point 9 comes after the maximum sweat rate, and on later 


exposures point 9 is either before or at the maximum. 


the same in all exposures; the mean over-all rise during the whole exposure 
showed no tendency either to decrease or increase as acclimatization pro- 
ceeded. Taking recorded observations only, the mean rises in rectal tempera- 
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ture were, for days 1-9 respectively, 2-41, 2-43, 2-27, 2-29, 1-86, 2:32, 2-21, 
218 and 2-46°F. from time 0 to time 92 min.; the mean rise for the whole 
134 observations was 2-27°F. (1-26°C.), s.z. 0-062; the variance between days 
(8 degrees of freedom) was 0-54, and- for the remaining degrees of freedom 
(125) was 0-52. The greater part of the variance due to days was attributable 
to the low value on day 5, which will be discussed later. : 
TaBLz 2. Mean rectal températures for each day throughout the whole exposure. 

Notes. (1) These means include estimations and are not strictly comparable with the values 
shown in the text, which are derived from actual observations only, and have been analysed 
statistically. | 

(2) Each value shown is the mean of those taken at one particular time during an exposure. 
The temperatures plotted in Fig. 1 are means for different periods during an exposure. 

Work 1 Work 2 Work 3 Work 4 Work 5 
- Pre- Post- Pre- Post- Final 
99-99 100-07 100-52 100-60 101-18 101-26 101-90 10206 — — 

99-47 99-41 99-73 99-87 100-35 100-43 100-98 101-26 101-71 10185 — — 
100-95 101-50 101-55 102-00 101-96 
99-22 99-15 99-48 99-65 100-12 100-21 100-76 100-89 101-48 101-58 102-07 101-97 
99-25 99-06 99-32 99-44 99-94 100-06 100-55 100-65 101-16 101-16 101-62 101-53 
99-15 99-06 99-36 99-52 100-03 100-11 100-68 100-77 101-33 101-40 101-95 101-90 
99-08 99-08 99°36 99-49 99-99 100-12 100-66 100-76 101-23 101-32 101-71 101-73 


99-25 99:17 99-41 99-48 99-88 100-05 100-59 100-67 101-20 101-32 101-79 101-83 
99-10 99-06 99-34 99:43 99-91 100-05 100-64 100-71 101-26 101-43 101-84 101-87 


(All temperatures in degrees Fahrenheit.) 


The total sweat loss for the whole exposure of five cycles, adjusted for 
a mean body weight of 65 kg. according to the method of Adolph (1947), rose 
| from 1100 g. on the first day (allowance has been made here for those subjects 
| who only completed four exposures) to 1560 g. on the ninth day; these are 
the means for all seventeen subjects. Half this increase took place in the 
first three days and was the result of the subjects sweating earlier, with respect 
to rectal temperature, after their first exposure. The subsequent increase in 
sweat loss was due to the subjects sweating faster at a given rectal temperature 
} as acclimatization proceeded. Sweat rate appeared to fall off earlier when 
the subjects were unacclimatized (point 9 on curve for day 1) than when they 
were acclimatized (point 11 on curve for day 9). This falling off in sweat rate, 
: when subjects have been sweating near-maximally, has often been described 
, before (Ladell, 1945; Gerking & Robinson, 1946; Robinson & Gerking, 1947; 
| Johnson, Pitts & Consolazio, 1944), and in these circumstances is probably 
| correctly ascribed to fatigue of the glands. : 

Heart rates during resting and working increased throughout the course of 
each exposure; this is shown in Table 3 for the ten men who completed the 
nine exposures. After the first two or three exposures, however, the heart 
rate at any given stage in the exposure did not alter substantially from one 
} exposure to the next. A fall in the initial rate, from 103 on the first to 
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84 beats/min. on the ninth day, was probably to be associated with the lower 
rectal temperatures found initially in the later exposures. 


TaBue 3. Mean heart rates, in beats/min. before and after work for ten subjects who completed 
nine exposures, in each successive exposure. Counts made over 15 sec. with subjects standing. 


1 103 29 110 1389 #%4124 +4144 £14 140 
2 99 121 #138) «616206 (185 — 
3 94 10 104 167 
4 0 10 17 ns 68 = 162. 135 
5 9 114 100 £110 «148 135 
6 88 26 101. 182 Ws 162 103. 164 38135 
9 8 110 131 «686112 «©1446 


Stamina increased with successive exposures, but no objective estimate was 
made of this, beyond noting that certain subjects who could only complete 
four cycles with difficulty in the first sie days were able to carry out six 


cycles after eight exposures. 
DISCUSSION 


The course of acclimatization in these experiments had no unusual features. 
It could be divided into two phases: an initial phase of 2-3 days, characterized 
by a decrease in the heart rate and a lowering of the threshold rectal tem- 
perature for sweating, and a second phase characterized by an increase in the 
sweat rate at a given rectal temperature and a diminished susceptibility of 
the sweat glands to fatigue. 

Very early in acclimatization to heat there is an increase in the circulating 

blood volume (Bazett, 1938). This probably determined the slowing of the 
heart rates observed during the first phase of acclimatization. Until this 
increase in circulating blood volume is adequate to compensate for the great 
expansion of the vascular bed which results from the cutaneous vaso-dilatation 
initiated by the heat, subjects may suffer syncope, or at least dizziness or 
partial blackout on standing up; such symptoms were complained of by most 
‘subjects during the first two or three exposures of this series. In control 
experiments at normal room temperature there was no change in the resting 
heart rate even after six cycles; hence the exercise was mild and no training 
effect was to have been sxpeoted during the second phase of acclimatization; 
none was observed. 

The climatic conditions of these exposures imposed severe physical limita- 
tions on the rate of heat loss from the body. Some unpublished observations 
by McArdle showed that in these tests the skin temperature probably never 
rose above 100°F. (37-8°C.); this was the temperature of the ambient air and 
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of the walls. Heat could only be lost, therefore, by evaporation. As the dew- 
point of the ambient air was within the range of that reported for alveolar air 
(Christie & Loomis, 1933), all evaporation had to be from the skin. If a 65 kg. 
man, surface area 1-75 m.?, working at a mean metabolic cost of 87 kg. cal./ 
m.*/hr., is to lose all his metabolic heat by evaporation, the rate of evaporation 
must be 5 ml./hr. This is probably a slightly greater rate than can be physically 
achieved; from the formulae of Powell, quoted by Bedford (1948), for the 
rate of evaporation from single cylinders, the maximum rate from a collection 
of cylinders chosen in shape, proportion and positioning to represent the 
human body, surface area 1-75 m.?, will be about 4 ml./min., in air at 100°F. 
(37-8°C.) moving at 50 ft./min. with a water-vapour pressure of 38-5 mm. Hg. 
Hence, even when the whole of the body surface was wetted, the rate of 
evaporation was still not sufficient for thermal equilibrium. This is the 
phenomenon termed by Robinson & Gerking (1947) ‘environmental resistance’. 
Nevertheless, in somewhat longer exposures with subjects carrying out 
a routine, in the second hour, of the same mean metabolic cost, thermal 
equilibrium was established after about 100 min. in the heat (Ladell, 1947a, 
1949); rectal temperatures were then 102°F. (38-8°C.) or higher. But these 
experiments were on fully acclimatized subjects, and skin temperatures may 
have been high enough, by that time in those longer exposures, to allow of 
some heat loss by convection and radiation. : 
Preliminary tests carried out in this laboratory on the minimum depth of 
water needed to give a continuous film of water on the skin suggest that this 
is about 0-002 cm., hence at least 35 ml. of sweat must be secreted before the 
whole of the skin area is wetted. If some allowance is made for the evaporation 
of some sweat as it is produced, it can be shown that in no exposure of the 
present series could the skin have been fully wetted, so that maximum 
evaporation could take place, until after the first work periéd. During the 
early stages of every exposure, therefore, it might be expected that the rate of 
body temperature rise would be more rapid than when sweating was fully 
established; but, in so far as rectal temperature may be considered to be an 


indication of body temperature, this was not the case; it usually fell during — 


the first 10 min. (see Table 2). This initial fall in rectal temperature has been 
__ observed by all workers in this field, and it is most recently described by 
Grayson (1950); a similar fall in mouth temperature has also been recorded by 
Cooper & Kerslake (1948). This phenomenon is usually attributed to the 
redistribution of blood within the body, consequent upon vasodilatation ; 
this allows the mean body temperature to increase while the rectal, or core, 
temperature remains the same or falls slightly, and there is, in fact, storage 
of heat. In the present series of experiments, once the body was wetted there 
was always enough sweat being produced to satisfy evaporation needs, and by 
the middle of each exposure the subjects, even when relatively unacclimatized, 
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were ucing three or more times as much sweat as could be evaporated ; 
after acclimatization the amount of unevaporable sweat was even greater. 
The physiological significance of this apparently useless increase in sweat rate 
is still obscure. | 

Some authorities, e.g. Critchley (1948), have suggested that acclimatization 
is predominantly a matter of cardiovascular adjustment. Improvements in 
circulatory efficiency continue, they suggest, throughout the period of 
acclimatization. Such improvements would result in the more efficient transfer 
of heat to the skin, and the skin/core temperature difference would, unless 
more heat was lost, become less. In these tests no more heat could be lost 
because of environmental resistance, and the mean body temperature must 
have remained the same from day to day; hence a diminution in gradient 
would only have resulted in a fall in rectal temperature. But Table 2 shows 
that the mean final rectal temperatures in all exposures from the third were 
all, with the exception of day 5, within 0-25°F., and there was only 0-1°F. 
between the figures for day 3 and day 9. Hence any improvements in cardio- 
vascular efficiency that took place during the second phase of acclimatization 
must have been slight; on the other hand, the achievement of thermal equi- 
librium by hyper-acclimatized subjects in a similar routine, oe referred 
to, does suggest an ultimate improvement. 


PART II. CONSTRUCTION OF REFERENCE SCALE FOR A GROUP OF SUBJECTS 
An estimation of group acclimatization could be made by constructing 
a sweat rate/rectal temperature curve for the group as described in the first 
part of this paper and comparing it with the set of curves shown in Fig. 1; but 
this would be laborious and give an approximate answer only. A continuous 
scale for comparison can be provided, however, as suggested in the introduc- 
tion, by calculating a regression for the value of some physiological variable or 
observation on days of exposure. Two regressions have been calculated, one 
for mean sweat loss over a given period, and the other for the ratio of mean 
sweat loss to mean rectal temperature rise. The test period chosen was not 
timed to start until after the initial pre-work rest in the heat, so that pre- 
exposure conditions could not grossly affect the results. The maximum 
difference between acclimatized and unacclimatized subjects was obtained by 
cutting short the period during which observations were used for the regression 
after 4 cycles had been worked, i.e. at time 92 min. At this point sweat-gland 
fatigue was beginning to show in unacclimatized subjects, but even complete 
novices in the heat could work for that length of time in the test climate. 


Regression based on sweat output only 


The observed weight losses for the standard period were corrected for weight 
differences according to the method of Adolph (1 (1947), by multiplying by the 
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two-thirds power of the ratio (standard weight/actual weight). The standard 
weight chosen was 65 kg. The sweat loss over the 80 min. period (from time 
12 to time 92 min.) corrected for weight will be referred to in the rest of this 
paper as ©.8.L. (corrected sweat loss in 80 min.).. In all, 153 values of 0.8.L. 
were obtained, 134 actual observations and 19 estimations. 

As sweat rate increases with acclimatization some correlation can be found 
between it and any function of days of exposure, linear or otherwise. But the 
increase is not truly linear, being more rapid during the first few days of 
acclimatization and relatively slow after the first seven or eight exposures; 
e.g. the mean 0.8.L. for eight subjects on whom observations were made for 
10 successive days was 981, 1073 and 1012 for days 8, 9 and 10 respectively. 
After ten exposures the rate of increase is, it is agreed by all workers, very 
slight; this was confirmed at Queen Square by observations made inter- 
mittently over many months on subjects who were continually exposed 
experimentally to hot humid conditions. Any mathematical relationship 


between sweat production and days of exposure should therefore describe — 


a rapid increase in sweat output during the first few days, followed by a slowing 
up of the rate of increase, and a tendency for the output to reach a limiting 
maximum not much greater than the output on the 9th or 10th day.\This 
pattern of increase is similar to that shown by an organism during the self- 
decelerating phase of growth (Brodie, 1928); and so by analogy the increase 
of sweat output with acclimatization might be described by an equation of 
the type: 
0.8.L. = M.8.L. —Be-*?, 

where M.8.L. is the value for c.s.L. at full acclimatization, e the base of natural 
logarithms, D the day of exposure in the acclimatization series and B and 
k are constants. Using Brodie’s (1945) method, a series of curves of this type 
was fitted to the mean values of c.s.L. Suitable values for M.s.L. varied from 
1275 to 1325, but the best fit was obtained with an intermediate value; 


(1) 


The sum of the squares of the deviations of the observed means from the value 
predicted from equation (1) was 77377: ‘17, of which 6844-01 was contributed 
by day 5. 

Table 4 gives a complete statistical analysis of the results in relation to this 
regression (Fisher, 1941) and taking into account the individual values. 
‘Differences within days’, mostly due to individual variation, caused most of 
the observed variation. The standard deviation between individuals was 
885+8.p. 50-4, which is greater than the observed increase in mean C.8.L. 
during 9 days’ acclimatization. Comparison of the variance within days, due 
to ‘error’, with that due to deviations from the ial calculated aia aad 
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Taste 4, Statistical analysis of regression of 0.8.L. on day of exposure. Each section of the table 
shows one main variable and its components. 


of 
Variables freedom Sums of squares 


16,166,521 


Total Com- Main or 
total Components Variance 


£4 


134 

— 2,206,299-6 

— 125 — 18,834,809-5 
1,299,207°3  11,919-3 


from the differences, gave a z value of 0:2037, which is less than the 10.% point 
(0-285 for these degrees of freedom). Variance due to deviation is not therefore 
significantly greater than that due to error, and the regression may be accepted. 
Variance due to individuals is significantly greater than that due to error; the 
z value being 2-188, with the 1% point at 1-3. This confirms what was pointed 
out in the introduction that single estimations of physiological variables such 
as ©.8.L. cannot be used to compare the acclimatization of individuals; this is 
further shown by comparing the variance due to acclimatization (calculated 
from the regression by difference) with individual variance; a z value of 
0-518 is obtained, equal to the 10% point when n,=1, n,=16, which indicates 
that the variation due to acclimatization would be no greater — that due 
to individuals in 10% of trials. 


Regression based on sweat output per unit body temperature rise 


During acclimatization the overall rectal temperature rise remained the 
same or decreased while sweat output increased; hence sweat output per 
degree rise in rectal temperature increased also. It was considered therefore 
that better correlation might be obtained if an allowance were to be made 
for day-to-day variations in rectal temperature rise. When such an allowance 
was made on day 5, which had a low c.s.L. value and on which the rectal 


temperature rise was also low in comparison with other days, by multiplying 
the observed c.s.L. by the ratio 


Observed mean temperature rise during index period for all days except 5 _ 2°32 
Observed rise on day 5 ~ 211 


a corrected value of 1049 was obtained; the predicted value was 1034. This 
suggested the desirability of incorporating similar allowances on other days. 
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All the figures for daily sweat outputs were therefore recalculated as the ratios 
of mean sweat output to mean rectal temperature rise. This ratio measures the 
sweat output per degree rise in rectal temperature, and it increased from 
327 on day 1 to 498 on day 9. The increase is described by the expression 


8.L.T. = 625 — , (2) 


wie 8.L.T. is the sweat loss per degree rise in rectal temperature. The sum of 
the squares of the deviations of the observed s.L.T.’s from the values predicted 
from regression (2) is 2758. For comparison with regression (1) this sum was 
multiplied by the square of the mean temperature rise for the whole series, 
giving a value of 14,590, and the z value for the two variances calculated; 
the value of z is 0-34, the 20% point for when n,=n,=7. Hence the arith- 
-metically much greater deviations from regression (2) are not statistically 
significant. The curves for both regressions are shown in Fig. 2. 

The day 5 deviations. Day 5 was, for most subjects, a Monday, and the exposure therefore 
came after 2 day’s rest from the heat. Some diminution of acclimatization might have been ex- 
pected, but this would have been shown by a smaller sweat output for the same or greater rise in 
rectal temperature. Actually both sweat output and rectal temperature rise were diminished on 
day 5; hence, in these tests, there was no indication of a falling off in acclimatization. On the other 
hand, the subjects’ reactions indicated that the conditions on day 5 had been slightly less severe, 
but no reason for this could be found. This ‘Monday effect” has been a constant source of trouble 
in all work on climatic physiology, and many authors discard Monday results; for obvious reasons 
this could not be done in the present instance. 


DISCUSSION 


Both the regressions calculated are equally good statistically; hence either 
could be used as a standard against which the performance of a group of 
approximately equally acclimatized subjects could be measured. But as the 
regression for s.L.T. takes into account two physiological measurements, rectal 
temperature and sweat rate, it is preferable to the other which is only con- 
cerned with sweating. Inasmuch as both regressions are based on incomplete 
results and observations were only continued for 9 days, it would have been 
better if a second group of men could have been investigated. This has been 
done, but on West Africans (Ladell; 1950, and in preparation), and as results 
obtained on men indigenous to the tropics may not be strictly applicable to 
men who have never previously been exposed to hot humid conditions, it is 
felt that the present regressions still offer the best standards for comparison. 
It should also be pointed out that the group was not a true random sample of 
the temperate climate population, so the regressions may not describe exactly 
the reactions of the average temperate climate man; the neaeee may still, 
however, be used as standards. 

To estimate the degree of scdiatatinatioe of a group of subjects, using either 
regression as a standard for comparison, or ‘scale’, each individual needs to go 
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_ through the standard routine in the standard climate once only. Measure- 
~ ments of weight and rectal temperature are required just before the first work 


and at the end of the fourth cycle, 80 min. later. Drinking may be allowed, 


but the fluid balance must be recorded. 0.8.1. is calculated separately for each 


individual by multiplying his observed sweat loss by the factor (65/W)!, where 
W is the initial weight of the subject. The mean c.s.L. for the whole group is 


_ then calculated and 8.L.T. is given by the ratio 


(mean C.8.L./mean rectal temperature rise for whole group). 


The equivalent days of acclimatization are then read off the curves in Fig. 2, or 
_ the relevant equations may be solved for D. 


The use of these regressions to estimate, by comparison, group acclimatiza- 


tion may be queried for the test conditions were very severe, the period of 
_ exposure was short and no account was taken of cardiovascular changes or 
_ adjustments. It is reasonable to test men in the most severe climate to which 
_ they are ever likely to be subjected, but though conditions as severe as those 
of the test are sometimes found, e.g. in certain West African mines, where the 
_ temperatures at the working place may be 96°F. (35-6°C.) dry bulb, 95-5°F. 
 (35°3°C.) wet bulb with still air, it is now realized that the test climate was 
_ unduly severe for most purposes, and consequently some of the responses 


were conditioned by physical rather than physiological factors; the lack of 
continued cardiovascular improvement was probably due to the severity of 


__ the stress, so that the maximum adjustments were completed early in acclima- 
_ tization. The short test period was necessitated by the severity of the climate; 
_ even fully acclimatized subjects could not continue for more than six cycles 
without becoming exhausted, and some unacclimatized subjects could only 
_ manage four. A short index period has the advantage, however, of emphasizing 
_ differences between acclimatized and unacclimatized men: the shorter the test 
_ period the greater the proportionate effect on total sweat output of an earlier 
onset of sweating; also the maximum sweat rate, in a given exposure, will be 
_ reached before the end of an 80 min. period by an acclimatized subject and 


will be maintained, but unacclimatized subjects may not reach their maximum 


_ 80 soon and if they do, owing to the earlier onset of sweat gland fatigue, they 
_ do not keep it up. The duration of the exposures could be increased to make the 
test an endurance test, but it would not be correct to label any man ‘heat 


intolerant’ because he was unable on his first exposure to complete more than 


- four cycles. Several successive exposures would be required, and then the 


diagnosis should only be made if the subject showed little or no improvement 


in performance. 


In these tests the fluid intake varied from nil to full replacement; but 


_ though there is no doubt that in experiments of long duration the man who 
_ drinks sufficient to replace his sweat losses benefits physically (Pitts, Johnson 
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& Consolazio, 1944), it has been shown that moderate water deficiency has 
no effect on sweat rate (Eichna ¢ al.). In 110 min. exposures to the test 
climate, with a slightly heavier routine, there was no statistically significant 
variation in the sweat output of fully acclimatized subjects with pamiges 
in salt and water intake (Ladell, 1949, and in preparation). 

As three of the seventeen subjects forming the group. whose results were 
used for the regression worked at a higher rate than did the others, the effect 
of changes in work rate was investigated. Nine European service personnel, 
all of whom had been stationed in Lagos for at least 6 months, were tested on 
two successive weeks; first at the standard work rate, 87 kg.cal./m.*/hr. and 
then at the highest rate worked by any of the seventeen, 98 kg.cal./m./hr. 
Sweat outputs and rectal temperature rises were higher in the second test, but 
s.L.T. fell from 524-7 to 508-4; this is not a significant change, and it was 
concluded that the effect of such variations in the work rate as this on 8.L.T. 
was negligible. When the same subjects were tested again, 2 months later, the 
mean C.8.L. was 1481] g. and the mean rectal temperature rise was the same as 
the observed mean rise for the group of seventeen subjects from whom the 
regressions were derived ; this value for c.8.L. is only 43 g. above the maximum 
calculated from regression (2), which is 1438 g. As an extra 2 months’ residence 
in the tropics coupled with strenuous work and exercise (football and hockey) 
might be expected to result in full acclimatization, the near approach of these 
figures, obtained in 1950, to those predicted for fully acclimatized subjects 
from results obtained in 1945 may be taken as confirmation of the suggested 
standards. Further tests were carried out on the same service subjects in 
Lagos to determine whether it was necessary to keep exactly to the test 
climate. It was found that with less severe climates, when the rectal tem- 
perature rise was less, higher values of 8.L.T. were obtained than with the same 
subjects in the test climate; hence the correct climate must be used in this test 
in determining 8.L.T. 

The value of ¢ any standards can only be judged after they have been used. 
These ‘scales’ have, in fact, already been employed to estimate the degree of 
acclimatization of West African labourers, of novice and veteran African gold- 
miners and of British service men stationed in Lagos. The results, which will 
_be reported later, show that this method of assessing acclimatization is both 
practical and useful; and the answers obtained are reasonable and reproducible. 


| SUMMARY 

i The course of acclimatization of a group of seventeen men to a hot humid 

climate over a period of nine exposures is described. The main changes seen 
were in the pattern and rate of sweating. 


2. Regression equations on number of exposures to heat have been calcu- — 


lated, one for the daily mean overall sweat productions of the group and the 
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other for the daily mean sweat outputs of the group per degree rise in rectal 
temperature. 

3. Despite their limitations and defects, it is suggested that either of these 
regressions may form a basis of comparison for estimating the degree of 
acclimatization of a group of approximately equally acclimatized men, after 
a single test on each individual. 


4. Owing to the great individual variation it is not possible, by means of 
a single test, to estimate the degree of acclimatization of each individual 


separately. 


I wish to thank Dr E. A. Carmichael, Director of the Medical Research Council Neurological 
Research Unit, National Hospital, Queen Square, under whose auspices the Heat Physiology 
team worked, and my colleagues of that team, in particular Dr B. McArdle, for permission to 
make use of results obtained when we were working together, and for their advice how best to 
treat these results. The work on British service personnel was carried out in the Colonial Medical 
Research Committee’s Laboratory for Tropical Physiology, and is referred to briefly here by kind 
permission of the Assistant Director of Medical Services (Military), Nigeria District, Colonel Foster, 
R.A.M.C, 
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RESPONSE OF THE CAT’S ENDOMETRIUM TO 
IMPLANTATION OF DIFFERENT STEROIDS 


By J. M. ROBSON anp A. A. SHARAF 


From the Department of Pharmacology, Guy’s —— 
Medical School, London 


(Received 21 April 1951) 


In a number of species typical changes occur in the uterine endometrium during 
the period of activity of the corpus luteum and these can be reproduced experi- 
mentally by the administration of progesterone, either alone or following 
oestrogen; they have also been produced by certain other steroids. These 
changes have been extensively investigated in the rabbit, and the progestational 
proliferation produced in that animal is indeed the main method used in the 
biological assay of progesterone and progesterone-like substances. Little 
attention has, however, been given to other species. Typical progestational 
changes have been produced in the ovariectomized cat by Van Dyke & 
Gustavson (1929) and by Rowlands & McPhail (1936) by the administration 
of the luteal hormone. Leatham & Crafts (1940) produced similar changes in 
the cat with deoxycortone acetate but, to the best of our knowledge, no other 
steroids have been tested for their progestational activity in the cat. 

In the rabbit a number of investigators have found that a typical progesta- 
tional proliferation can be obtained by the local implantation of small quantities 
of progesterone (see Emmens, 1950). Using solid implants, Héhn & Robson 
(1950) found that such local effects are obtained not only with progesterone 
but also with a number of other steroids, and that indeed ethisterone is highly 
effective when administered by this method. In the rabbit the progestational 
proliferation reaction is thus not specific for progesterone even when the effect 
is brought about by a direct action on the endometrium. 

In the mouse, Hooker (1945) and Hooker & Forbes (1947) found that pro- 
gesterone produces specific changes in the stromal nuclei. These changes are 
well seen when the progesterone is applied locally and are not produced by any 
other steroids so far tested acting locally. The test is very sensitive and has 
been used for the assay of minute quantities of progesterone. The purpose of 
the present investigation was to determine whether the progestational changes 


\ in the cat’s uterus are similarly specific for progesterone or whether they can 


also be produced by-other steroids. 
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METHODS 


Experiments were performed on nine cats. All operations were carried out with asep Co eee 
The mature female cats were ovariectomized under ether anaesthesia. The animals were then 
injected with 100 yg. of oestrone daily for 10 days. On the day following the last oestrone injection 


the uterus was exposed through a mid-line incision, and implantation was performed by the — 


method used by Héhn & Robson (1950). Implants were introduced into the uterine lumen by 
means of a special metal ‘gun’ through a small cut in the uterine wall. All animals were killed 
1 week after implantation, except cat 6 which was killed after 10 days. The implanted segments, as 
well as control ones, were removed and examined histologically. The degree of progestational 
proliferation was assessed in a semi-quantitative manner, + denoting a slight though definite 
So extensive 


RESULTS 


The results are shown in Table 1. It will be seen that progesterone and deoxy- 
cortone acetate produce progestational proliferation in the cat endometrium 
when administered locally into the uterus (see Pl. 1). The effect was restricted 
to the implanted segments, and other parts of the uterus did not show similar 
proliferation. Pregnenolone, ethisterone and methyl testosterone failed to 
produce any endometrial reaction. Even when the local dose of ethisterone 
was 4 mg. and that of pregnenolene 6 mg. no effect whatever was observed. 


‘Tanz 1. The effects of implants of different steroids on 


{the cat’s endometrium 
| Dose of implant. . Degree 
Steroid used (mg.) Cat no. 
Progesterone 1 +++ 
: 1 2 +++ 
i 3 +++ 
2 4 ++ 
Deoxycortone acetate 2 5 +++ 
2 5 ++ 
2 6 + 
2 8 ++ 
2 9 ++ 
Pregnenolone 5 mg. implant 3 0 
+1 mg. powder 
5 mg. implant + 0 
+1 mg. powder 
4 | 8 0 
4 10 0 
Ethisterone 1 0 
2 0 
4 6 0 
Methyl testosterone 6 
6 10 0 
DISCUSSION 


The results obtained with a number of steroids on the endometrium of the 
rabbit, cat and mouse are summarized in Table 2. In the rabbit and cat a 
positive response consists of a typical glandular proliferation (progestational 
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proliferation); in the mouse it consists of typical changes in the stromal nuclei 
(Hooker, 1945). . 

It will be seen that the effect j is apeeiiic. for progesterone in the mouse, 9s 
shown by Hooker & Forbes (1949), but not in the other species.- In the cat 
progestational proliferation is also produced by the local action of deoxycortone 
acetate, and in the rabbit OF several other steroids, 


2. The response to various steroids of the 


of three species 
in the rabbit and cat it 
is ee proliferation. The results for the mouse are based 
on the nding of 
and for the cat.on the present findings.) 

Steroid | Rabbit “Cat 

xycortone acetate + + 

Ethisterone + 

yl testosterone + 


The changes observed in the mouse endometrium with progesterone differ 
not merely quantitatively but qualitatively from those in the rabbit and cat, 
and it is not unexpected to find that the mouse response is restricted to pro- 
gesterone while in the rabbit and cat other steroids are also effective. What is 
rather puzzling is that the effect in the rabbit and cat, consisting of a specific 
glandular proliferation, should not be brought about by the same substances. 
The discrepancy with ethisterone is particularly striking, since this substance 
is nearly as active as progesterone when applied locally to the uterus of the 
rabbit, while in the cat even large doses so applied are inactive. There are two 


_ possible explanations, viz. (1) that the endometrium in these two species 


contains mechanisms which can convert certain steroids to progesterone, which 
then exerts its local effect, and (2) that the various steroids found active in 
these two species do indeed exert a specific local effect on the endometrial 
glands. It is hoped to investigate this question further. 


SUMMARY 
1. The local progestational action of various steroids on the uterus of 


_. ovariectomized cats primed with oestrone was investigated. 


2. Positive effects were produced with progesterone and deoxycortone 
acetate. Ethisterone, pregnenolone and methyl testosterone (which are active 
locally in the rabbit) produced no such effect in the cat. 


We are grateful to Dr Tindall of Organon Ltd. for the supply of the steroid implants used, and to 
partly defrayed the expenses of the 
investigation. 
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EXPLANATION OF PLATE 
Fig. 1. Section of unimplanted part of uterus of cat 3, showing only oestrogenic effect. 
Fig. 2. Section of part of uterus of cat 3, implanted with progesterone, showing progestational 


Fig. 3. Section of part of uterus of cat 5 implanted with deoxyoortone acetate, showing pro- 
gestational proliferation. 
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SKIN TESTS ON SERUM-SENSITIZED GUINEA-PIGS 
By L, B, WINTER 
From the Department of Physiology, University of Sheffield 
(Received 15 May 1951) | 


Recently, attempts were made to determine whether skin tests would prove 
of value in differentiating sensitive from non-sensitive guinea-pigs (Winter, 
1951). It was found, however, that soon after the animals became fully sensi- 
tized to the foreign protein, few of them showed any reaction to an intra- 
dermal injection of the antigen, although in most cases a subsequent intravenous 


injection of the same protein caused death. This occurred when the antigens ~ 


were whole horse serum, serum albumin, or serum globulin, but a difference 
was observed between these proteins when the animals were tested long after 
_ they first became sensitized. Skin reactions were observed in some globulin- 
sensitized guinea-pigs 81 days after the preliminary sensitizing injection, but 
none occurred in the albumin-sensitized or serum-sensitized animals tested at 
this time or after an even longer interval. 
_ Soon after the above results were published, experiments were reported by 
Feldberg & Miles (1951) in which it was shown that when guinea-pigs received 
an intravenous injection of a blue dye, followed by an injection by the same 
toute of the histamine-liberator Compound 48/80, there was a rapid liberation 
of the dye into certain areas of the skin: ‘Within 5 min. there is a general 
blueing of the head and shoulders, most intense round the ears, eyes, mouth 
and jaw and fading off towards the shoulder blades and sternum.’ Furthermore, 
these workers found that the histamine content of the skin was correlated with 
the blueing, for ‘The skin areas that blued most readily contained 2-6 times 
- more histamine than skin from the lower abdomen, back, thigh and calf, which 
did not blue under the conditions of the experiment.’ : 
_ In my experiments the skin tests w~-- =..Je on the abdominal skin, an area 


in which Feldberg & Miles found no blueing and least histamine, and it was 


possible that my failure to observe any skin reactions following intradermal 
injection of the antigens into many of the animals was due to an unfortunate 
_ choice of site. The experiments have therefore been repeated under conditions 
_ which favoured the occurrence of skin reactions according to Feldberg & Miles’ 
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observations and yet. from my own previous results were calculated to give no 
reactions, viz. tests on the skin of the animal’s head, using guinea-pigs given 
a sensitizing injection of whole horse serum 83-85 days beforehand. . . fe 


EXPERIMENTAL 


Forty-four albino guinea-pigs were used, obtained from the Field Station of the Agricultural 
Research Council, and weighing about 500 g. at the time of sensitization. The sensitizing antigen 
was horse serum, but for reasons unconnected with the present investigation approximately half 
the animals were anaesthetized with ether and 0-1 ml. of serum was injected intravenously, while 
the other half received the same amount of serum by the intra-peritoneal route without anaesthesia. 
Eighty-three days later the skin tests were performed, differing in details from those described in 
the previous paper. The skin site was the triangle formed by the angle of the jaw, the eye, and the 
external auditory meatus. The animal’s skin was not subjected to the action of any chemical 
depilatory, nor even to the irritation of shaving, but the fur on each side of the face was clipped 
very closely with sharp scissors while the animal was under full ether anaesthesia. Scratch tests 
were not performed, since in none of the previous experiments was a positive result obtained by 
this means: the intradermal test was, however, made more drastic by the use of undiluted serum. 


The serum was injected into the skin in the middle of the selected area so as to raise a bleb 2-3 mm. 


in diameter; on the other side a control injection of saline was given: it was easy to contrast the 
yellowish colour of the serum bleb with that caused by the saline, until the injected material was 
diluted by the tissue fluid and absorbed. Had any skin reaction occurred it would have been 
equally easy to observe, although traces of fur were still present on the animals’ skin. The skins 
were read at 3, 6, 24, and 48 hours. At the end of this time the animals were anaesthetized and 
tested for sensitiveness by injection of 0-2 ml. of serum into a mesenteric vein. | 


RESULTS 
No skin reaction was observed in any of the 44 animals, yet 30 died in acute 
shock 4-5 min. after intravenous injection of the antigen. In the intact 
guinea-pig therefore, the antigen-antibody reaction which is responsible for 
anaphylactic shock must be a less powerful histamine liberator than is 
Compound 48/80. Ether anaesthesia is not likely to prevent any skin reaction 
since it does not modify in any way the shock mechanism, and there was 
ample time for the reaction to develop after the animals had recovered from 
the anaesthetic. There is, however, no reason why all tissues which normally 
contain histamine in the sensitized guinea-pig should release this substance 
when an injection of the antigen is made locally, as in the intradermal skin 
test, or generally, following the intravenous injection in the shock test. 
Whether histamine is released must depend, among other factors, upon 
whether antibodies are fixed in particular tissues. Evidence has been given 
(Winter, 1944, 1945) which indicates that there is in the sensitized guinea-pig 
a differential distribution of the sensitizing antibody, and this distribution 
may vary from animal to animal. My. previous experiments with skin reactions 
suggest that although there is some fixation of antibody by cells in the skin, 
this antibody tends to disappear fairly early after sensitization. Injections of 
antigen into the skin of the albumin-sensitized and serum-sensitized guinea- 
pigs did not cause any reaction after 80 days or longer, although the animals 
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were extremely sensitive to anaphylactic shock by virtue of the antibodies 
fixed in the liver or lung tissue. It is reasonable to believe that the antibodies — 
fixed to different tissues tend to disappear at different times just as initial 
sensitiveness develops at different times with different antigens, and in 
different tissues with the same antigen: for example, a longer period must 
elapse before serum-albumin antibody appears in the guinea-pig’s tissues than _ 
when the sensitizing antigen is whole horse serum; also, when a guinea-pig’s 
uterine muscle first becomes fully sensitized, the animal is relatively in- . 
susceptible to shock, ee that the antibodies in liver and lungs are not 
fully established. | 
SUMMARY 

1, Guinea-pigs sensitized by horse serum have been kept for upwards of 
80 days and tested for skin sensitiveness to the antigen, and for susceptibility 
to shock. 

2. The skin tests were performed by intradermal injection of undiluted 
serum into the skin of the animal’s cheek. No reaction was observed although 
many of the animals subsequently died in anaphylactic shock. 


T am indebted to Mr G. Webber for technical assistance. The cost of the animals used in this 
work was defrayed by the Beaverbrook Fund of the Faculty of Medicine. : 
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AN ANALYSIS OF THE END-PLATE POTENTIAL 
- RECORDED WITH AN INTRA-CELLULAR ELECTRODE 


By P. FATT anv B. KATZ 


From the Physiology Department and Biophysics Research Unit, 
University College London 


(Received 28 May 1951) 


According to present knowledge, the process of neuromuscular transmission 
can be described by the following scheme: nerve impulse + acetylcholine — 
end-plate potential > muscle impulse - contraction. The evidence for this 
chain. has been summarized by Eccles (1948), Hunt & Kuffler (1950) and 
Rosenblueth (1950), whose reviews may be consulted for further references. 
While there is little doubt that acetylcholine is released by the nerve impulse 
and depolarizes the end-plate, the mechanism of these two actions is at present 
unknown and requires further investigation. The most immediate electrical 
sign of neuromuscular transmission is the end-plate potential, a local de- 
polarization of the muscle fibre which is presumably due to the direct action of 
the neuromuscular transmitter. By measuring this electrical change under 
suitable conditions, some light can be thrown on the preceding steps of the 
transmission process. The object of this paper is to investigate the properties 
of the end-plate potential even more closely than has previously been attempted, 
making use of the method of intra-cellular recording which has been developed 
by Graham & Gerard (1946), Ling & Gerard (1949) and Nastuk & Hodgkin 
(1950). This method offers several advantages: resting and action potentials 
at individual junctions can be recorded in whole muscles, without micro- 
dissection or even removing the muscle from a Ringer bath, and the measure- 
ments do not suffer from uncertainties which are usually associated with the 
shunting effect of the interstitial fluid. 

The immediate concern of the present work is to determine the electric 
charge which passes through the end-plate membrane during the transmission 
of one impulse and to throw some light on the mechanism by which the transfer 
of ions across the end-plate is brought about. 


METHODS 
The method of intracellular recording was similar to that described by Ling & Gerard (1949) and 
Nastuk & Hodgkin (1950) except that the same muscle fibre, and often the same spot of the fibre, 
was used for a series of measurements and thus subjected to repeated insertions and withdrawals 
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of the microelectrode. This introduced an extra risk, for after a number of insertions local damage 
eventually resulted causing resting and action potentials to decline. It was, therefore, not always 
possible to complete a set of measurements and, in the non-curarized preparation, active movement 


of the muscle greatly increased the hazards of the experiment. But in spite of these inherent 


difficulties the method of repeated local insertions was satisfactory in many cases and gave con- 
sistent results which we could not have obtained by other means. For example, a quantitative 
study of the end-plate potential (e.p.p.) requires that the electric response in the same fibre should 
be measured at various distances from the junction. Furthermore, the size of the e.p.p. varies in 
individual muscle fibres much more than their resting potentials or spikes, and it was therefore 
desirable to compare measurements on the same junction when examining the effect of ions or drugs 
on the transmission process. Finally, it was only by successive insertion of the electrode at different 
points along a musolé fibre and sofinding the position of maximum e.p.p. (cf. Fatt & Katz, 1950a, b), 
that we could be certain of having located an end-plate accurately. (The term ‘end-plate’ is used 
here to describe the post-synaptic area of a muscle fibre which is in contact with the motor nerve 
endings, ignoring the fact that in frog muscle the shape of the junction resembles a ‘bush’ rather 
than a ‘plate’.) 
Preparation. The nerve-sartorius preparation of the frog (Rana temporaria) was used and mounted 
in the chamber shown in Fig. 1. The chamber was moulded from paraffin wax set in a Petri dish 
and was so arranged that it could be completely drained of fluid from a depression at one side of the 


Micro-manipulator 


Electrodes 
for nerve 


Light 
Fig. 1. Nerve-muscle chamber with stimulating and recording electrodes. 


central trough. The muscle lay flat, deep surface uppermost, on a transparent Perspex block forming 
the floor of the central part of the chamber. It was held in this position by threads tied at each 
end which were looped under silver wire hooks embedded in the paraffin wax. The electrodes for 
nerve stimulation were situated in a separate moist compartment which was reached by the nerve 
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via a narrow groove. The Petri dish was fixed to a glass plate which was iteelf carried by a mechanical 
stage on another large plate. Illumination was provided by light passing up through both glass 
plates and through the Perspex block. The preparation was viewed with a binocular dissecting 
microscope of magnification x 39. An eyepiece micrometer served for measurement of short 
distances along the muscle fibres, while coarser movements were obtained with the mechanical 
stage and read on the attached vernier. 

The depth of fluid in the bath above the muscle was about 3 mm. It was kept at this low value 
in order to minimize the capacity to earth across the glass wall of the microelectrode. 

The bath electrode was in the form of an agar-Ringer solution bridge connecting to a chlorided 
and square pulses could be applied. 

plone of velibet tabling whieh ted an agni-Ringer 
solution bridge to a chlorided silver ribbon. The microelectrode assembly was carried on a de 
Fonbrune micromanipulator, the controls for which were placed outside the shielding metal box 

Microelectrode and amplifier. Capillary microelectrodes of external tip diameter less than 0-5 p. 
and filled with 3 m-KCl were used. The wire connecting the micro-electrode to the amplifier was 
shielded, and the shield connected to the cathode of the first valve (RCA 954). A balanced d.c. 
amplifier with input cathode followers of low grid current and reduced grid-to-earth capacity was 


120, B 


0 1 2 3 4 msec. 


ee 1 2 3 4 nsec. 


Rig. 2. Effect of amplifier distortion. Curves A are tracings of oscillograph records, curves B are . 
corrected for high-frequency attenuation. Upper part: end-plate response during normal 
(the muscle was treated with prostigmine, hence the large residual potential 
change). Lower part: curarized preparation, showing & pure e.p.p. 
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used, similar to those described by Nastuk & Hodgkin (1950) and Huxley & Stamfli (1949). The 
amplifier was calibrated by applying voltages in steps of 10 and 1 mV., and this procedure was also 
used to balance and measure resting potentials. In addition, a square pulse generator was used to 
test the time constant of the recording apparatus. This time constant varied with the resistance 
of the microelectrode which was apt to increase in the process of penetrating a muscle fibre. In 
some experiments a shielded junction box was inserted between microelectrode and amplifier. The 
box contained a micro switch and 20 M22. shunt which could be placed across the input when a square 
pulse signal was applied. In this way it was possible to measure the resistance of the electrode when 
it was in the recording position. In other experiments a check was kept on the temporal distortion 
of a square pulse. The voltage wave-form at the amplifier input differed from the square pulse 
applied between bath and earth, in that it showed two distinct components, an instantaneously 
rising fraction which can be attributed to the initial displacement of charge at the glass wall of the 
immersed microelectrode and an exponentially rising portion which gives an indication of the time 
constant of the recording system. This time constant was usually between 50 and 200 psec., and 
in some cases caused appreciable distortion in certain details of the electric response. In Fig. 2 a 
tracing is shown, together with a correction obtained by ‘subtangent analysis’ (cf. Rushton, 1937). 
The difference is rather more pronounced in this than in other experiments. On the whole, it was felt 
preferable to present the results without such correction, but it should be remembered that most 
time measurements given below are a little too large, exceeding the true value by about 0-1 msec. 
Experimental procedure. In measuring membrane potentials the reference level was the potential 
of the bath on the surface of the fibres. As the tip of the microelectrode was moved from the bath 
into the interior of the fibre, the potential of the tip suddenly dropped by about 90 mV., and this 
drop was measured by compensating the deflexion of the cathode ray with a calibrated voltage | 
input. The electric response, spike or end-plate potential, to a single stimulus was then recorded, 
the electrode withdrawn, and the return of its potential to the original level was checked, the whole 
process taking usually about 15 sec. During successive insertions, apart from random variations 
of a few per cent, there was usually a slight progressive decline of the membrane potential, and as 
a rule the experiment on an individual fibre was discontinued when the resting potential fell below 
80 mV. In curarized muscles, it was sometimes possible to make more than twenty successive 
measurements on the same fibre before excessive injury-occurred, and even in normal twitching 
muscle twelve to fifteen successive electrode insertions could, on some occasions, be carried out 
without serious injury. We presume that in these cases a fortunate combination of circumstances 
allowed the muscle to withdraw from the impaled electrode at the beginning of the twitch without 
damaging either the electrode or itself. On some occasions, an unusual sign of injury was observed 
which appeared to be due to damage of fine nerve branches rather than muscle fibres: in these cases, 
the resting potential of the muscle was undiminished, but its end-plate response suddenly failed, 
and it was sometimes observed that nearby end-plates in adjacent muscle fibres had also failed, 
indicating that some damage had been inflicted to the common nerve axon. The important fact was 
that the continued observations of resting potential and electric response in any given fibre pro- 
vided by themselves an adequate check of the state of the preparation. 
Localization of end-plates. Fig. 5 shows a series of records obtained by recording at different 
points inside a curarized musole fibre. As the micro-electrode approaches the end-plate the first 
sign is always a small and slow end-plate potential. With the electrode closer, there is a 
characteristic change in the amplitude and especially in the time course of the e.p.p. and it is 
possible, with some experience, to estimate the residual distance of the end-plate from observa- 
tions of the shape of the response. In this way, the focal point can be approached quickly, with 
two or three insertions, and its position is then found more accurately by moving the electrode 
in 100 or 200 u. steps. In Figs. 6 and 7 the changes in amplitude and time of rise with distance 
are shown in two experiments. It was unusual to find fibres which could be followed over long 
distances along the surface of the sartorius muscle: the outlines of individual fibres often 
become obscured by adjacent fibres and by nerve branches, blood vessels and connective 
tissue which tend to run across the surface, especially near the end-plate foci. If a part of the 


* 
¥ 


324 P. FATT AND B. KATZ , 


fibre is not perfectly clear in its outlines, thereis a risk that the electrode tip might slip unnoticed 
into an overlapping neighbour, and we presume that the dotted curve in Fig. 6 arose from such an 
accident. In the experiment of Fig. 7 no such difficulty was experienced, and there was satisfactory 
agreement at every observed point between two series of measurements. In the great majority of 
the experiments, it was not necessary to follow individual fibres for any great length, but it was 
essential to be certain of the positions of individual end-plates throughout the experiment. For 
this purpose, the muscle was curarized at the beginning of the experiment, and a suitable number 
__ of points of maximum e.p.p. (i.e. ‘end-plates’) were located in the manner already described. By 
carefully mapping the microscopic field, noting all outstanding landmarks, it was possible to 
identify the fibre, and return to the same spot within 50 p. The reliability of this procedure could 
be judged only from results; but the electric response at an end-plate differs so much from that 
of the immediate surroundings that no ambiguities arose, and it was clear that the proportion of 
- failures in identifying previously located end-plates was minute. | 


Fig. 3. End-plate potential in curarized muscle. Examples of focal recording, with the micro- 
electrode (a) inside the fibre, (6) on the surface of the fibre. S: stimulus artifact. Time marks: 
msec, 


Extra-cellular potential changes. The error introduced into measurements of end-plate and action 
potentials by the exist@nce of a small potential difference outside the fibre had to be considered. 
The magnitude of the external electric field is proportional to the radial current density at the 
surface of the fibre and to the specific resistance of the external solution, and it leads to a slight 
reduction and distortion of the observed membrane potential change. The size of the external 
potential change was checked in a number of experiments. After recording an end-plate or action 
potential with the electrode inside the fibre, another record was obtained when the electrode tip 
had just been withdrawn from the fibre. Examples are shown in Fig. 3. The external potential 
change varied a good deal: values between less than 1% and 5% of the internal action potential 
were obtained. Even in low-sodium solutions (4/5 of sodium chloride replaced by osmotically 
equivalent sucrose), where the effect of external potentials would be greatest, the amplitude of the 
external potential did not exceed 8% of the internal one, so that only a small correction was 
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required when measurements made in solutions of different conductivities had to be compared. In 
most experiments of the present paper the conductivity of the bath remained constant (about 
90 Q. cm. at 20° C.), and no correction for external potentials was applied. 

Direct stimulation. In some experiments an electric current was sent through the fibre in order 
to stimulate it directly or to determine its electrotonic ‘cable constants’ (cf. Hodgkin & Rushton, 
1946; Katz, 1948). For this purpose another microelectrode was attached to a second micro- 
manipulator which consisted of a combination of adjustable Palmer blocks and a vertical micro- 
meter drive. The arrangement of stimulating and recording electrodes is shown in the diagram of 


_ Fig. 4. The procedure was to insert the recording electrode first, and then to introduce the stimu- 


lating microelectrode into the same fibre, either very nearby (at a distance of 20-50 y.) or 1-2 mm. 
away. Repetitive subthreshold current pulses were used to indicate the moment when the 
stimulating electrode penetrated the required fibre, as this coincided with the sudden appearance 
of an electrotonic potential on the screen of the cathode-ray tube. There was usually also a drop of 
the resting potential by a few millivolts (cf. Nastuk & Hodgkin, 1950). In some of these experi- 
ments, a double-beam tube was used, the membrane potential being recorded by the first, and the 
current monitored by the second channel (see Fig. 4). | 


Muscle bath 
Fig. 4. Arrangement for measuring current and potential across the fibre membrane 
with two internal electrodes. Note: shield to reduce artifact. 


The current passing through electrode and muscle membrane was usually a few tenths of a 
microampere. This required that several volts be applied to the electrode and gave rise to a high 
voltage gradient across the wall of the microelectrode tip. Not every electrode was suitable for 
these experiments, and with some there was evidence of dielectric breakdown occurring at the 
electrode tip: as the impressed voltage was increased, the current through the electrode would then 
suddenly rise and by-pass the muscle fibre, failing to produce or maintain a potential change 
across the membrane. 

Temperature. Room temperature was recorded during the experiments, but checks made with 
a thermocouple indicated that the termperature of the preparation was about 1-1-5° C. lower, 
evidently because of evaporation occurring from the surface of the shallow portion of the chamber 
(Fig. 1). To avoid osmotic disturbance of the muscle, the bath was changed at intervals of less than 
1 hr. 

Solutions. In many experiments, a modified Ringer’s solution was used with the composition: 
113 mM. sodium, 2-0 mm. potassium, 3-6 mm. calcium, 1 mm. phosphate, 121 mm. chloride. The 
phosphate buffer maintained the pH at 6-8. This differed from normal Ringer mainly by its higher 
calcium content (3-6 mm. instead of 1-8 mm.). The advantage of this solution was that it raised the 
threshold of the muscle fibre, relative to the e.p.p., by about 25% and therefore caused the e.p.p., 
both in curarized and normal preparations, to become somewhat more conspicuous. In other ex- 
periments, normal Ringer was. uséd, either buffered by the addition of 1-0 mm. phosphate or un- 
buffered. Other solutions containing p-tubocurarine chloride (Burroughs Wellcome), or prostigmine 
bromide (Roche) were made up as described in the experimental section. 
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RESULTS 


The electric response of the end-plate becomes relatively sieogle when neuro- 
muscular transmission is blocked’ by curarine (Eccles, Katz & Kuffler, 1941; 

Kuffler, 1942a). The effect of this drug is to reduce the amplitude of the e.p.p. 
below the threshold of the muscle fibre, so that no impulse arises and a local 
subthreshold potential change remains. Its general characteristics have 


_ previously been worked out on the whole muscle (Eccles al. 1941). By 


Fig. 5. End-plate potential in a single curarized muscle fibre. The position of the micro-electrode 
was altered in successive $ mm. steps. The numbers give the distance from the end-plate 
focus, in mm. x 0-97. 8: stimulus artifact. Time in msec. | 

placing a microelectrode into a curarized muscle fibre the situation becomes 

further simplified, for the observed response is now confined to that of a single 

end-plate. The method which was used in approaching the end-plate region of 
an individual fibre has been described above, and the results of an experiment 
are illustrated in Fig. 5. The e.p.p. consists of a single monophasic wave, which 


Js rapidly attenuated as it spreads along the fibre. At the centre of the 


junctional region, the e.p.p. in a completely curarized muscle attains an 
amplitude of as much as 20-30 mV., but there are large variations of size in 
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different. fibres of the same muscle, the. observed range of e.p.p. amplitudes 
with a given dose of curarine being greater than 10-fold. As the e.p.p, represents 
a graded subthreshold response, there is of course no reason to expect constancy 
of its amplitude, but it is remarkable that under given experimental conditions 
a 10- or even 20-fold variation should be found in the size of the end-plate 
response of different fibres. One may suspect that there are corresponding 
variations in the size of the junctional contact areas, or in the quantities of — 


acetylcholine ejected from individual nerve endings. 


When the e.p.p. is recorded at a ‘focal’ point, as in Fig. 3, it is found to rise 
suddenly, reaching its peak in little more than 1 msec. and declining to one-half 
in another 2 msec, The characteristic features of the ‘focal’ e.p.p. are listed 
in Table 1, which again shows that there is large variation in amplitude, but 
relatively little variation in time course. 

Tama 1. End-plate potential in curarized muscle 

-four end-plates with focal recording. Most of these were 
selected end-plates giving e.p.p.’s of at least 10 mV. in a completely blocked muscle, Figures 
marked with asterisk*: these are uncorrected figures. To allow for the sytematic errors mentioned 
in ‘Methods’, subtract about 1° C. from temperature readings, and 0-1 msec. from time measure- 
ments, in this and all subsequent results. Temperature, 20° C. (16—24° C.)*. Calcium concentration, 
in most cases 3-6 mM. Curarine concentration, 3-5 x 10~* b-tubocurarine chloride (Burroughs 
Wellcome).) 


E, Time from to 
(mV.) (mV.) half-decline (msec.) 
90 (75-107) 2-5-29 1-340-02 3-9+0-08 


(1-0-1-6)* (2-4-6-0)* 
10-20 | 


A more complicated picture is sometimes obtained when the electrode is inside a fibre which has 
a small e.p.p., but next to one with a very large e.p.p. In this case the record becomes seriously 
distorted by the external field due to the adjacent ‘sink’, and a combination is recorded of (i) a 
small true change of membrane potential and (ii) an external p.d. due to the neighbouring fibre. — 
The two changes are of opposite electric sign, and may give rise to a diphasic potential change, 
starting with a brief downward deflexion (the micro-electrode becoming at first more negative). 
The diphasic response was seen only under these special conditions, and it should be realized that 
the initial phase is not a ‘membrane potential’, for it can be seen when the microelectrode is in the 
bath on the surface of the adjacent fibre. A similar explanation applies to the small diphasic or 
polyphasic disturbances which were observed in non-curarized muscle (cf. Nastuk & Hodgkin, 
1950), and which are due to the external fields of impulses travelling in adjacent fibres. _ 


Effect of curarine concentration on end-plate potential and resting potential 
With an increased dose of curarine, the e.p.p. becomes further reduced in 
size without any other obvious changes. Conversely, it will be seen that the 
removal of curarine is associated with a large increase in the rate of rise of the 
e.p.p., but its peak amplitude then becomes obscured by the intervention of the 
muscle spike. The effect of curarine on the size of the e.p.p. is summarized in 
Table 2. It is noteworthy that the resting potential of the end-plate membrane 
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is not significantly altered by curarine, the mean values being 90-5+0-5 mV. 


(s.z. of mean, 176 measurements) for the non-curarized end-plates and 
90+0-6 mV. (94) for curarized end-plates. The differences of resting potential 


Tasix 2. Effect of curarine on size of end-plate potential 


A. Completely blocked muscle, 
5 x 10-* and 2-5 x 10-* p-tubocurarine chloride. Temperature, 21° C. 


5 x 10-* curarine (mV.) 2-5 x 10-* (mV.) 
Resting Resting  E.p.p. 
Fibre potential E.p.p. — potential E.p.p. reduction 
I 93 78 0-6 0-077 
ae 93 9-8 92 0-95 0-097 
Ill 86 70 90 0-7 0-1 
IV 80 6-5 86 0-95 0-146 
83 6-9 91 0-55 0-08 
VI «85 6-6 85 0-8 0-121 
VII 83 17-4 81 2-5 0-144 
Vill 86 20-7 90 2-7 0-13 
Mean 86 10-3 88 1-22 0-112 


B. Comparing normal and curarized muscle (4 x 10-* p-tubocurarine chloride). The e.p.p. was 
measured at a fixed point of its rising phase, 0-44 msec. after ite onset.) 


4x 10~* curarine (mV.) Normal (mV.) 

7 Resting E.p.p at " Resting E.p.p. at E.p. 
Fibre potential 0-44 msec. potential j§ 0-44 msec. redu 
I 95 45 96 24-6 0-18 
II . 88 4-7 94 22-7 0-21 
Ill 90 12-1 97 36-4 0-33 
IV 82 8-8 98 34-8 0-25 
Vv 96 : 100 32 0-2 
VI 89 9-9 97 40 0-25 
Vil 86 5-4 86 28-4 0-19 
Vill 88 12-2 84 0-34 
IX 86 61 84 19-7 0-31 
Mean 89 78 93 30-5 0°25 


in the paired observations of Table 2 are also not significant. In Table 2 A, the 
mean difference is —2+1-4 mV., the more deeply curarized end-plates having 
a slightly ae resting potiniial: while in Table 2 B, the mean difference is 
A 

An analysis of the spatial spread and decay of the end-plate potential 

In two experiments, illustrated in Figs. 6 and 7, a fairly complete series of 
records was obtained at various distances from the focal point. In Fig. 8 
several tracings are superimposed which show the characteristic decline and 
temporal spreading of the wave-form as the electrode is moved outward from 
the end-plate. It has been shown by several authors (Eccles e al. 1941; 
Kuffler, 19426; Katz, 1948) that the e.p.p. arises from a rapid initial displace- 
ment of electric charge by the neuromuscular transmitter: this active phase 
appears to subside within a few milliseconds, and thereafter the time course of 
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the e.p.p. is determined by the rate at which the charge spreads along, and 
leaks across, the muscle membrane. There are certain consequences of this 
hypothesis which can be subjected to a quantitative test. __ 

The distribution of charge in a resting muscle fibre is described by the classical 
cable theory (see Hodgkin & Rushton, 1946). According to this theory, the 
total charge which the transmitter has placed on, or displaced from, the 


L T T 
along fibre (mm.) along fibre (mm.) 
Fig. 6 Fig. 7 
Fig. 6. Spread of e.p.p. in a single curarized fibre. Lower part: peak amplitude of e.p.p. is plotted 
against distance along the fibre (small circles: see text, p. 324). Upper part: time of rise of 
the e.p.p. is plotted against distance. 
Fig. 7. Spread of e.p.p. in another fibre. Same co-ordinates as in preceding figure. 


muscle fibre should decay exponentially after the transmitter has subsided. 

The time constant of the decay of end-plate charge should be the same as the 

time constant of the muscle membrane as determined by other methods (ef. 

Katz, 1948). In order to measure the total displacement of charge, the spread 

of the e.p.p. along the fibre was plotted at various moments (Fig. 9). The area 
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under each curve gives a relative measure of the charge on the fibre surface (or 
rather of the ‘deficit of charge’, the fibre surface having been depolarized). The 
area can be found accurately at short times, up to about 10 msec.; at longer 
times, an extrapolation is required for distances greater than 4 mm., but this 
introduces only a slight inaccuracy in the final points. The logarithm of the 
area is plotted against time in Fig. 10: the end-plate charge is seen to reach 
a maximum at about 1-5-2 msec: and from then on to decay exponentially with 
a time constant of 20°6 msec. In another experiment, the maximum was . 


mv.| 
20> 


15- 


10- 


0 5 10 15 20 msec. 

Fig. 8. Tracings of e.p.p.’s at different distances from end-plate focus. In superimposing the 
records, the stimulus artifact (see Fig. 5) was taken as the common point. The numbers give 
the distances, in mm. x 0-97, from the end-plate centre. 


attained in 2-3 msec., and the charge then subsided with a time constant of 
27-4 msec. These time constants are within the range of values previously 
found for frog muscle (see also Tables 4 and 5), and this confirms the view that, 
beyond the first 2 or 3 msec., the e.p.p. in curarized muscle is no longer actively 
maintained, and that its further time course is determined simply by the 
resistances and capacity of the muscle fibre. 

It was pointed out to us by Mr A. L. Hodgkin that the theoretical equations 
describing the spread of charge along the fibre become greatly simplified if the 
charge has been applied instantaneously at a point of the fibre (see Appendix I). 
During the e.p.p., charge is placed on (or displaced from) points of the fibre 
which are usually spread out 50 to 100 y. on either side of the centre of the nerve 
endings, and the displacement is nearly complete within 2 msec. These distances 
and times are small compared with the length and time constant of the fibre 
and tentatively their finite size may be disregarded, especially when analysing 
measurements at one or more millimetres from the end-plate focus. According 
to the simplified theory outlined in Appendix I, the duration T of the rising 
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5 
mV. 


1 4 3 4mm. | 1 2 3 4mm.. 
Fig. 9. Spatial distribution of e.p.p. at the indicated times after its start. - 


x 10 
= 08 
$ 
15 25 


msec. 
Fig. 10. The exponential decay of the end-plate charge. Ordinates: area ({ Vd) of the potential— 
space curves of Fig. 9, in mV.xocm., on @ logarithmic scale. Abscissae: time in msec. 
Note: to convert ordinate readings into coulombs, multiply by 2c,,, where c,, is membrane 
capacity per unit length of fibre, and the factor 2 is required because the e.p.p. spreads in 
both directions along the fibre. 
22—2 
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of this point from the focus by the following equation 


Tm 


muscle fibre. These constants are related to the resistances and capacity of the 
fibre as follows: . 
Tm = Ra Cs 


where R,, is the transverse resistance and C,, the capacity of 1 cm.? of mem- 
brane, and, when the fibre is immersed in a saline bath, 


where R, is the specific internal resistance and p the radius of the fibre (for 
further details and nomenclature, see Hodgkin & Rushton, 1946, and Katz, 
1948). 

Having found 7,,, we can now use the curves of Fig. 8 and plot values of 


a straight line with slope 1/A*. The observed relation is approximately linear, 


i 
0 5 mm.? 


Fig. 11. Analysis of the e.p.p. in ‘curarized muscle (see text and Appendix I). The theoretical 
relation is linear (slope = 1/)*) and passes through the origin. The divergence from theory at 
small values of ¢ and z is due to the fact that the rise of the e.p.p. is not instantaneous. 


and A is found to be 2:15 mm. In another experiment, the value of A deter- 
mined in the same way was 2-4 mm. This may be compared with the values of 
A on p. 335, which were obtained by the “square-pulse analysis’ of the electro- 


tonic potential: the mean value in seven fibres is 2-4 mm. (varying between 
2-2 and 2-6 mm.). 


phase of the e.p.p. at any given point, should then be related to the distance z 


where 7, is the time constant of the membrane and A the length constant of the | 


4T?/7,2+27/7,, against 2 (Fig. 11). According to equation (1) this should give 
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To find R,, and C,,, we must make an assumption about the size and internal 
conductivity of the muscle fibres. The average fibre diameter in a sartorius 
muscle is about 75-80 ». (Mayeda, 1890; Katz, 1948), but the fibres on the deep 
surface of the muscle are larger than average (Hill, 1949). Moreover, in searching 
for a distinct fibre which can be followed along the muscle, it is probable that 
one of the largest superficial fibres was chosen. We were inclined to take 100 p. 
for fibre diameter and about 250 Q.cm, for internal resistivity (cf. Bozler & Cole, 
1935; Katz, 1948). The more direct experiments described on p. 335 indicate, 
however, that the fibre diameter was more nearly 140 y., and this value was 
therefore adopted. The values calculated for R,, and C,, are 3300-4100 Q.cm.? 
and 6-7 uF./cm.?, respectively (see Table 3). As shown in Table 5, these results 


TABLE 3. Membrane constants derived from end-plate potential 


A Ry 

Fibre (msec.) (mm.) (Q.cm.*) (uF. /om.*) 
I ‘ 20-6 2-15 3300 6 
II. 27-4 2-4 4100 7 


are within the range of values obtained by more direct methods, and we regard 
the quantitative agreement as a further confirmation of our premises, namely 
that the e.p.p. is produced by a brief impulse of transmitter activity. 

While this conclusion applies to curarized muscle, it does not hold under all 
conditions, and certainly not when the preparation has been treated with 
a cholinesterase inhibitor (see p. 337). Even in the curarized preparation, 
there was some variation in the time course of the e.p.p. at different end- 
plates (cf. Table 1) which may have arisen from variable persistence of the 
transmitter/end-plate reaction. Some variation, however, in the time course 
and spread of the e.p.p. around its focus must be expected because the spatial 
distribution of nerve endings varies considerably in individual muscle fibres. 
As Kiihne (1887) has shown, the motor nerve terminals in frog muscle spread 
along the fibre over a distance which may vary between 30 and as much as 
500 u. The exact shape of the e.p.p. recorded at the centre of this region and 
the sharpness of its spatial peak must depend upon the spread of the nerve- 
muscle junction. If this covers a length of a few hundred microns, it will give 
rise to a relatively blunt peak of the e.p.p. The same effect arises, even with 
sharply localized junctions, if the nerve endings happen to lie on the buried 
side of the muscle fibre; the microelectrode cannot then be brought very close, 
and fine longitudinal adjustment makes little difference. In the course of 
locating large numbers of end-plates, considerable variations in the sharpness 
of localization were observed. In some cases, the position of the electrode was 
more critical even than shown in Fig. 6, while in other cases, a shift of 200 y., 
in either direction from the centre, produced little diminution in e.p.p. size. 
_ One may surmise that this was associated with an extensive spread of the 
nerve endings, or their being located on the opposite side of the fibre. 
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Direct measurement of the membrane constants 


It was desirable to determine the resistance and siabailly of the inal 
fibres, under similar experimental conditions, but in a more direct way than 


used in the preceding section. For this purpose, the rectangular pulse technique © 


was employed as described by Hodgkin & Rushton (1946) and Katz (1948), 
except that intracellular electrodes were used to pass current through the 
membrane, and to record the resulting change of potential across it (see 
Methods, Fig. 4). The current was an inward directed pulse through the mem- 
brane, of about 70 msec. duration and 0-2 wA. intensity, which caused the 
membrane potential to increase by about 40 mV. The current was delivered by 
a rectangular pulse generator, but its shape and intensity depended upon the 
resistance of the microelectrode which was liable to change during the current 
flow. This showed itself usually in a gradual reduction of current strength, from 
its initial peak to a more steady level which was reached after some 10-20 msec. 
The current pulse was examined on a double-beam oscilloscope, and it was 
ascertained that a period of sufficiently steady current flow, and steady mem- 
brane potential, preceded the break of the pulse. Under these conditions, the 
_ level of the membrane potential reached at the end of the pulse, and the transient 
potential changes following its break, could be used to determine the relevant 
fibre constants. 

Applying the cable theory of Hodgkin & Rushton (1946) to the present case, 
we find that, for a distance z between the two internal electrodes, the steady 
potential change V recorded at one electrode is related to the steady current / 
flowing through the other electrode by the following equation: 


where r,, and 7; are, respectively, the transverse resistance of the membrane 


times unit length and the longitudinal resistance of the fibre per unit length. - 


The term },/(r,,7;) is the effective resistance between inside and outside, 


measured at a point far from the tendon, while ,/(r,,/r,) is the length 
constant A. 


Thus the values of 1,, , and r, can be found from measurements with two 


different electrode separations. The time constant of the membrane can be 


determined from the time course of decay of the membrane potential, for — 


instance by measuring the time of decline to 15% with zero separation, or 
by comparing half-times at different distances (cf. Hodgkin & Rushton, 
1946). 


The electrodes were placed into the same muscle fibre about 10 mm. from 


the pelvic end. The ‘polarizing’ electrode was left there, while the recording 
electrode was moved from a position only 20-30. away to a distance of 
1-6 mm. and finally back to the original or an intermediate point. The resting 
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potential was measured at the recording electrode, and the current was 
monitored in every case. The results are shown in Table 4. The values of A, 
Tm: Tm and % were obtained directly, while those of d, R,, and C,, are based 
on an assumption regarding the internal conductivity of the fibre. Its specific 


Taste 4, Membrane constants derived from ‘square pulse analysis’ 
(Temperature 19° C. R, is assumed to be 250 Q.cm.) 


Fibre (mV.) (msec.) (Q.) (Q.cm.*) (uF./cm.*) 
I 89 2-8 31 210000 132 4000 8 
I 91 2-3 37°5 215000 131 4100 9 
ant _ 85 2-4 29 135000 168 3400 8 
IV 79 2:6 33 215000 139 4900 7 
90 2-2 33 232000 123 3900 8 
VI 89 2-2 34 193000 135 3600 9 
VII 82 2-5 44 230000 132 4800 9 
Mean 86 2-4 34-5 204000 137 4100 8 


resistance R, was taken as 250 Q.cm., in accordance with earlier measurements 
of Bozler & Cole (1935) and Katz (1948). The fibre diameter was then calculated 


from 
® 


the mean value of d being 137 ». This seems rather large, but it is within the - 
known range of fibre diameters of frog’s muscle (Mayeda, 1890), and it is 
likely that during the present experiments the largest fibres have been 
selected. 

The values of R,, and C,, obtained in this series are listed in Table 5, together 


Tasiz 5, Summary of different measurements of R,, and C,, in muscle 


Method and Ry 
reference Preparation (Q.cm.*) ori 

bs Small bundles 1500 
External | and isolated 

electrodes. fibres (75 
(Katz, 1948) muscle 4000 45 

(45 p.) 

Internal Sartorius 3700 65 

electrodes, 

@.p.p. | 
Internal Sartorius 4100 8 

“square pulse’ 


with other measurements on frog muscle. The most notable feature in this 
table is the large value of the membrane capacity (4-5—8 »F./cm.*) which 
exceeds that of several non-medullated nerve axons by a factor of 5. 
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The displacement of electric charge at an end-plate by the neuromuscular 


transmitter 


With the use of these figures we can calculate the quantity of electric charge - 


which is removed from the surface of a curarized muscle fibre, during the local 
action of a nerve impulse. This quantity is of special interest because it gives us 
an indication of the depolarizing power of the neuromuscular transmitter, and 
of the minimum number of ions which flow through the active end-plate 
surface. Presumably, when acetylcholine is released from the nerve endings it 
reacts with the end-plate so as to form a local ‘sink’ into which the surrounding 
muscle membrane discharges. But whatever the mechanism of this action, the 
discharge of the muscle fibre during the e.p.p. must be brought about by a 
transfer of ions across the end-plate membrane, and the number of ions which 
are transported across the end-plate surface must be large = to provide 
for the observed displacement of charge. 

It might be argued that, even during a subthreshold e.p.p., some regenerative reaction occurs in 
the surrounding muscle membrane which reinforces the local transfer of ions, quite apart from the 
primary action at the end-plate itself. But if such a regenerative process were at all important, 
it would have a noticeable effect on the time course of the e.p.p. and on the membrane constants 
derived from it. For example, the resistance and time constant so determined should have a larger 
value than when measured with the usual method of anodic polarization (p. 335). No such difference 
was observed, and we feel justified in assuming that the muscle membrane is discharged passively 
into the ‘sink’ at the motor end-plate. 

It was shown in Fig. 10 that during the first 2 msec. of the e.p.p. the dis- 
placement of charge from the muscle membrane reaches a maximum and then 
declines exponentially. The maximum charge amounts to 3:2 10-* V.cm. 
multiplied by the capacity per unit length of fibre. During normal impulse 
transmission considerably more charge is transferred across the end-plate: 
the results of Table 2 indicate a three- to five-fold amplification, following the 
withdrawal of curarine. 


With a membrane capacity of 6 uF ./cm.? and a fibre diameter of 135 p., the. 


_ capacity of 1 cm. of fibre is 2-45 x 10-” F., and the transfer of charge during the 
subthreshold e.p.p. is 8 x 10-1 eonkitabe, This corresponds to a net transport 
of at least 8 x 10-4 mol. of univalent cations inward, or anions outward, across 
the end-plate membrane. In the absence of curarine, the figure increases to 
2-4x10-“ mol. This is the minimum quantity of ions which the transmitter 
causes to flow across a single end-plate during one impulse. It is a surprisingly 
large amount, considering the small size of the end-plate area: it is equivalent, 
for instance, to the transfer of sodium across 0-8 mm.? of non-medullated axon 
membrane during a single nerve impulse (Keynes & Lewis, 1950). 

The number of ions which contribute to the production of the e.p.p. must, 
in fact, be larger than this estimate, as it represents only the net transfer of 
charge, i.e. the excess of cations over anions moving in one direction. Pre- 


sumably the movement of ions is brought about by a reaction between acetyl- . 


eee 


4 
Pt, 
2 
$ 
2 
‘ 
in 
¥ 


END-PLATE POTENTIAL i 337 


choline and its receptors:in the end-plate: it may involve a direct entry of 
acetylcholine ions into the muscle fibre or a permeability change leading to 
increased flux of other ions across the surface (cf. Fatt, 1950). It would be an 
important step in the study of this problem if the quantity of acetylcholine 
released by @ nerve impulse at a single end-plate could be compared with the 
quantity of ions required for the production of an e.p.p. | 

The local discharge of the fibre surface is opposed, relatively slowly, by the 
flux across the membrane of potassium, chloride and other ‘diffusible’ ions 
which are responsible for the gradual return to the resting level. In the curarized | 
_ muscle, the initial displacement of charge is much more rapid than subsequent 
leakage across the membrane, and there is very little overlap between the two 
phases. A very different situation arises when the action of the transmitter is 
prolonged, by the use of a cholinesterase inhibitor. 


The effect of prostigmine on the end-plate potential — | 

The action of several anti-cholinesterases has been studied carefully by 
Eccles & MacFarlane (1949), who found that there is invariably a marked 
lengthening of the active phase during which the ¢.p.p. is built up. In Fig. 12 


Fig. 12. Effect of prostigmine, in curarized muscle. The lower record was obtained from the same 
end-plate, after addition of prostigmine bromide (concentration 10~*). Time, msec. 


an intracellular record of this effect is shown.In a curarized muscle fibre, 
(3x 10-* p-tubocurarine chloride), an e.p.p. was observed rising to a peak of 
7 mV. in 1-1 msec. and falling to one-half in another 2-1 msec. After an 
addition of 10-* prostigmine bromide, the response at the same end-plate 
built up to a more rounded peak of 19 mV. in 2-1 msec., and then fell to one- 
_ half in another 5-2 msec. The effect is very similar to that previously described 
on whole muscle, with a moderate dose of eserine (Eccles, Katz & Kuffler, 1942) 
and other cholinesterase inhibitors (Eccles & MacFarlane, 1949). 

It was shown by Eccles et al. (1942) that eserine produces a much more 
dramatic lengthening of the e.p.p. in the uncurarized muscle, though recording 
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becomes then more complicated because of the presence of muscle spikes. We 
have confirmed their observation under somewhat different conditions. 
Nerve-muscle transmission can be blocked by lowering the external sodium 
concentration to one-fifth (cf. Fatt & Katz, 1950) leaving an e.p.p. of similar 
shape, though usually of somewhat slower rise and fall than in the curarized 
muscle (see Tables 6 and 1). If prostigmine is added to the solution, a striking 


Taztz 6, End-plate potential in sodium-deficient solution 
- (Mean values of twenty-five experiments at 20°C. Na concentration reduced to one-fifth by 


substitution of isotonic sucrose.) 
Resting E. Time from onset Time from onset 
saa to peak to half-decline 
(mV.) (m@V.) (msec.) (msec.) 
83 9-28 (1-1-2-6) 5-9 (3-2-7-8) 


change occurs, shown in Fig. 13. The e.p.p. is lengthened enormously, much 
more than in the experiment of Fig. 12. Instead of passing through a sharp 


then declines to one-half in 0-1 sec., as compared with 6 msec. (see Fig. 14). 


«Rig. prostigmine in @ “low-sodium muscle. Upper record: E.p.p. in sodium- 
tm (4/5 of Na replaced by sucrose). Lower record: after addition of 


0 150 


| msec. 
Fig. 14. Superimposed tracings of e.p.p.’s. A: low-sodium muscle. B: like A, 
but after adding prostigmine bromide (10-*), _ 
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peak, the e.p.p. rises to a plateau which is maintained for some 30-40 msec., and _ 
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There is strong evidence (see Brown, Dale & Feldberg, 1936; Eccles e¢ al. 
1942; Eccles & MacFarlane, 1949) that this effect is due to the protection of 


acetylcholine against rapid hydrolysis, and that therefore the amount of 


acetylcholine, initially released by the nerve impulse, continues to build up 


the e.p.p. and to maintain it against the simultaneous spread and leakage of 


charge along and across the surface membrane. The quantity of ions which 
passes through the end-plate in the prostigmine muscle must greatly exceed 
the figure given above for the curarized muscle. An estimate of the excess can 
be obtained by comparing the ‘areas’, i.e. the time-integrals, of the e.p.p.’s 
in the two cases: this area is about 50 times larger for the prostigmine-e. p-p. 
of Fig. 13, than for a ‘curarine '-€.p.p. of the same initial rate of rise. 

This is an important point in connexion with the alternative modes of 
acetylcholine action which have been suggested (Katz, 1942; Fatt, 1950). If, 


. for instance, acetylcholine were to depolarize the end-plate by direct penetra- 


tion, the quantity of ions released by a single impulse must provide not only 
the electric charge which is placed on the muscle fibre during the ordinary e.p.p. 
but the much larger quantity which is needed to maintain the e.p.p. in eserine- 
or prostigmine-treated muscle. 


It is of interest to trace the time course of the transmitter/end- EE 
the influence of prostigmine. This can be done approximately by an analysis of the e.p.p. which has 
been previously described (Katz, 1948, p. 529). The analysis depends upon a knowledge of the time 
constant of the membrane, and on the assumptions (i) that the time constant is not appreciably 
affected by prostigmine, and (ii) that the transmitter reaction can be treated as the equivalent of 
an applied current pulse. There is good evidence that the first assumption holds true (Eccles 
et al. 1942) but the second is oversimplified (cf. Section B below), though not likely to lead to serious 
error in the present comparison. In Fig. 15 the result of such an analysis is shown for (a) the e.p.p. 
of curarized muscle, (b) of ine-prostigmine-treated muscle and (c) of Na-deficient and prostig- 
mine-treated muscle. The curves show, strictly speaking, the time course of three current pulses 
which, with a membrane time constant of 25 msec., would alter the membrane potential in a manner 
identical with the three observed types of e.p.p. It will be noted that, even in the presence of 
a cholinest inhibi , there appears to be an initial impulsive phase of transmitter action, which 
is followed by a long period of low-level activity. Similar phenomena have been described and 


Fig. 15, ‘Transmitter action’ curves, obtained by analysis of e.p.p.’s. A: muscle treated with 
curarine; B: curarine +prostigmine; C: low-sodium + prostigmine. The ordinates have been 
scaled to the maximum. 
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B. The electric response of the normal end-plate membrane 
In the normal muscle fibre, the e.p.p. rises at a much greater rate and leads 
to a propagating spike and contraction. The electric response at the end-plate 
differs from a condueted.action potential in a characteristic manner (Figs. 
16-19, 21). A large e.p.p. invariably precedes the spike and forms a ‘step’ 
during the rising phase of the record. After the peak a discrete “hump ’ is seen 
in most cases, indicating a ee action of the transmitter during the "as 


= of the potential. 


Fig. 16. End-plate responses in normal preparation. Four end-plates, showing step, spike and 
8, Time marks, msec, 


¢ 


Fig. 17 Fig. 18 
Fig. 17. Three records from the same muscle fibre, at distances of 0, 0-1 and 0-2 mm. from the 
end-plate focus. Time marks, msec. 
Fig. 18. Records from the same fibre (a) at the end-plate and (b) 2-5 mm. away. Time, msec. 
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- The usual procedure was, first, to locate a number of end-plates in a fully 
y — eurarized muscle and then remove the drug by 30 min. washing in Ringer’s 
solution (see Methods). The same results were obtained in a few cases in which 
the end-plates were found, by trial recordings, in normal untreated muscle 
(e.g. Fig. 18). This method naturally involved a considerable wastage of 
fibres, and was only used as a check to ascertain that - preliminary curarine- 
treatment had no irreversible effects. 


-- Measurement of ‘step’ and ‘hump’ 
Before trying to analyse the components of the end-plate response, it is of 
interest to describe and measure its characteristics. The diagram of Fig. 20 
shows the points which were chosen as a convenient measure of ‘start’, ‘step’, 


‘peak’ and ‘hump’. 


i 
q 


A 
0 1 2 3 msec. 
a Fig. 20 


Fig. 19. Examples of end-plate responses in prostigmine-treated muscle fibres. Note the larger 
residual potential change. Time marks, msec. 
ips 20. Diagram showing ‘characteristic points’ of the end-plate response. 
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The ‘start’ (point A) was taken as the point of just perceptible deflexion (about 0-3 mV., with 
low amplification). At the end-plate, the response rises sharply above the baseline, and this 7 ¢ 
measurement was accurate within less than 0-1 msec. The ‘peak’ (point C) provided no difficulty, : ; 

but the positions of ‘step’ (B) and ‘hump’ (D) are subject to some uncertainty. The height of the : 
| step was measured near the point of inflexion, at a level at which the spike could be seen to take ( 
| off. The hump was measured at the mid-point of the flat shoulder on the falling phase. The eae 
separation between peak and hump was not always distinct (of. Fig. 16) and the position of the a 


hump, therefore, not always well defined. We estimate the accuracy of our measurements as being 

. within 2-8 mV. and 0-1 msec. for the step (B), and 5-8 mV. and 0-2-0-3 msec. for the hump (D). 

| Tasxx 7. Electric response at the normal end-plate 
(Times are measured from the onset of the potential change. Active-membrane potential: p.d. across active] 
membrane = action potential minus resting potential. Errors are the standard errors of the mean.) 

Action potential peak Active- End-plate ‘step’ End-plate ‘hump’ 


ture concen. Time potential Time, Time 
(mm.) (mV.) (mV.) (msec.) (mV.) (mV.) (msec.) 
20 86 914043 113+0-77 1-1 22+0-67 41+0-6 18 
 (16-23-5) (1-8-9) (0-54-2-4) (25-54) (0-31-1-65) (80-117) (1:3-2-7) 

N (135) (184) (134) (134) (135) (135) (104) (104) 


Results from 135 end-plates are summarized in Table 7. Most experiments a 
were made with a solution containing 3-6 mM. calcium, i.e. twice the amount s 
normally in Ringer. In Table 7 are included the results of twenty-five experi- ! | 
ments in which ordinary Ringer (1-8 mm. calcium) had been used, and thirty | ) 
experiments in which prostigmine bromide in a concentration of 10-* had been i 
added. These various solutions affected the measurements only in one respect, : 
namely that the height of the initial end-plate step was less with 1-8 mm. a 
calcium (33 mV.) than with 3-6 mm. calcium (41 mV.). The statistical signifi- | 
cance of this difference is further shown in Table 8, in which nine ‘paired’ 
measurements on the same end-plates are summarized. Prostigmine has an 
important effect on the membrane potential after the spike (Fig. 19; cf. 
Eccles e¢ al. 1942), but made no appreciable difference to the present results. 


Taiz 8. Effect of calcium on end-plate step 


Calcium i ratio 
concn. potential height No. of = S.z. 4 
(mM.) (mV.) (mV.) expe, of mean 
Total 18 91 33 25 
(26-44) 
ments 3-6 91 41 
(25-50) 
measure 18 92 32 9 1-25 
| ments i 92 39 4 0-046 


As with the curarine experiments (Table 1) a high degree of variability was 
again encountered in the size of the e.p.p. which differed at individual junctions 
much more than the resting or action potential of the membrane. In the present 
measurements, this variability showed itself, not in the level of the e.p.p. at 
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_ which the muscle impulse takes off—this was relatively constant—but in the 
_ time needed for the e.p.p. to rise to this threshold level. The variations in the 


entire muscle must have been greater than is apparent from Table 7, for most 


of the present results have been obtained from end-plates which had been 
selected during the preliminary curarine treatment because their e.p.p.’s were 
- found to be large and easy to locate. The differences in the rate of rise of the 


e.p.p. must mean that even under normal conditions there are large variations 
in the safety margin of transmission at individual junctions. Such variation 
has been known for a long time: it was demonstrated by Adrian & Lucas (1912) 


_ and by Bremer (1927) who showed that during fatigue or partial curarization 
a variable number of fibres can be made to respond by varying the interval 


between two nerve impulses. Another example will be shown on p. 358 below 


_ in the variable susceptibility to anodic block at different end-plates. 


We did not include in Table 7 the results from a small number of fibres in which the e.p.p. failed 
to reach the impulse threshold. A delayed spike was then usually recorded coming from a remote 


"junction in the same fibre (cf. Katz & Kuffler, 1941, also Fig. 28C below). The local failure was 


presumably due to some abnormal condition of the muscle, but it was found side by side with 
: end-plates at which transmission did not seem to be impaired and served further to illustrate the 


high degree of variability in junctional transmission. 
of Table 7 widé in two other respects: (i) in the latency of the spike 


_ peak, and (ii) in the presence of a discrete hump which was clearly discernible in only some of the 


records. Both variations result from the variable size of the initial e.p.p.: the time to the peak 


_ includes the variable duration of the initial step, and a discrete hump could be seen only when the 


spike took off sufficiently early during the e.p.p. oe oS after 


_. In Table 2B, the responses of the same end-plates i gemapened (i) in fully 
curarized muscle and (ii) after withdrawal of curarine. The e.p.p. height was — 


measured at a fixed interval, 0-44 msec. after the start. The results indicate that 
the e.p.p. in the fully curarized muscle was reduced to about one-quarter (with 


variations between 0-18 and 0-34). In another muscle, the same dose of curarine 
' teduced the e.p.p.’s to about one-eighth. In general, a dose of curarine seemed 


to depress small e.p.p.’s more than large e.p.p.’s, and the dispersion in e.p.p. 


_ fizes, therefore, appeared to be greater in curarized than in normal muscle. 


Comparison of the electric response at and off the end-plate | 
In Fig. 21, an experiment is illustrated in which the action potential was 


_ tecorded at various distances along the same fibre. As the microelectrode moved 


away from the end-plate, the complex response (step-peak-hump, Fig. 21, 4-6) 
changed into a simple conducted spike which travelled in both directions, at 


_ & uniform velocity of about 1-4 m./sec. The initial step declined in the manner 
already shown for the rising phase of the curarized e.p.p., and its sharp ascent 
| was replaced by the gradually increasing ‘foot’ of the conducted potential 

~ wave. The ‘hump’ was noticeably reduced, a few hundred microns ar from 
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the end-plate (e.g. Fig. 17), and vanished as the electrode was moved farther. 

The shape of the conducted spike varies somewhat from fibre to fibre, and its 

peak has often an ‘angular’ appearance as in Fig. 24 (M) below, but there is 
mV. 


5 msec. 
Fig. 21. The transition of electric activity from end-plate to muscle fibre, Calcium concentration, 
9 mm. Temp, 17° C. The microelectrode was moved along the fibre, and records were obtai 
at the following positions (distance from position 1): (1) 0mm.; (2) 0-3 mm.; (3) 0-46, mm.; 
(4) 0-6 mm.; (5) 0-65 mm.; (6) 0-75 mm.; (7) 1-75 mm.; (8) 2-75 mm. The resting potential 
was between 88 and 92 mV. during these records. Note the gradual changes in the shape of 
the action potential and spike latency. Inset: the time of the spike summit is plotted against 
distance, showing a propagation velocity of about 1-4 msec. in both directions from 

positions (5) and (6). | 


no doubt that the hump-like protrusion is a distinct feature of the end-plate 
response. 

Fig. 21 indicates that the amplitude of the action potential increases by some 
10-20 mV. as it is conducted away from the end-plate. In Table 9, the mean 
values of a large number of measurements, at and off the end-plate, have been 
listed: The resting potentials do not differ appreciably in the two situations, 


Taiz 9. Active-membrane potential on and off the end-plate 


(Mean values and 8.2. of means.) 
I I Active 
| 
(mV.) (mV.) (I -1) exps. 
9140-43 11340-77 22 +0-67 134 
Off 88+0-6 123+1 3541-1 52 
end-plate 


Reduction of active-membrane potential at the end-plate: 1341-3 mV. 
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put the amplitude of the spike is considerably higher in the nerve-free portion 
than at the end-plate. The ‘active-membrane potential’, i.e. the level of the 
reversed p.d. during the’ peak, is 35 + 1-1 mV. (s.z. of mean of 52 experiments) 
off the end-plate and 22+ 0-67 mV. (134) at the end-plate. Thus a difference of 
over 10 mV. remains to be accounted for. In individual experiments the value 
this difference was subject to considerable variation, but this arose to a large 
extent from variations in the size of the e.p.p. The peak of the action potential 
at the end-plate was significantly depressed only when it originated at an early 
moment and was followed by a discrete hump. Apparently the diminution of 
the active-membrane potential depended upon the persistence of intense 
transmitter activity at the time of the peak, and no such reduction occurred 
when the spike arose too late for this interaction to take place. 

In order to obtain more conclusive information on the nature of the end-plate 
response, the initiation of a spike by the neuromuscular transmitter was com- 
pared with that by artificial electric stimulation, 


_ Fig. 22. Membrane potential during direct stimulation. Three different fibres, in which potential 
changes were recorded, near the cathode, with several subthreshold and one superthreshold 
current pulse. Note inflexion and local response with subthreshold ‘current pulses. Time, 
msec. 
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The end-plate step pe 


Two microelectrodes were placed into the same muscle fibre, less than 50 p.. , 


apart, and one was used as a stimulating electrode by passing an outward 
current pulse through the membrane, while the change of the membrane potential 
was recorded by the other electrode. With a sufficient current strength, the 
membrane potential falls from its resting level, of 856-90 mV., to a point at 


which a spike is generated. The process is shown in Fig. 22, the time course of _ 


the curves being very similar to those previously obtained with external 
electrodes (Hodgkin & Rushton, 1946; Katz, 1948). The important point is that 
the height of the step which precedes the action potential is substantially the 
same as the height of the end-plate step during neuromuscular transmission. 
The step was measured in the same way as indicated in Fig. 20, and the results 
are shown in Table 10. In twenty experiments, using 3-6 mm-CaCl,, the mean 


Tastx 10, Comparison of initial ‘step’ with direct and indirect stimulation 


Direct stimulation End-plate potential 
Calcium ‘Resting big No. ‘Resting No. 
tial é t of potential t of 
3-6 86 39 (31-50) . 20 91 41 (25-50) 71 
18 85 36 (30-41) 7 91 83 (26-44) 25 


height of the step was 3941-2 mV. as compared with 41+0-6 mV. for the 
e.p.p., while in seven experiments with 1-8 mm-CaCl,, it was 36 mV. (compared 
with 33 mV. for the e.p.p.). The result was the same whether the stimulus was 
applied at the nerve-free end of the fibre, or at the.end-plate position. The level 
at which the spike originated seemed to be independent of the time taken to 


reach it: this time depended upon the current strength, and in the different 
_ records varied between 0-3 and 8 msec, 


The measurement of the step height is related to the excitation threshold of 
the muscle fibre, that is to the critical level at which the membrane potential 
becomes unstable. This level can be found by using a short threshold shock (see 
Hodgkin, Huxley & Katz, 1949), or by breaking the current at the critical 
point at which the membrane potential is left ‘in the balance’, neither rising nor 
falling for a short time after the break. In practice,.the current pulse was 
increased in small steps, and the largest potential change which just failed to 
flare up into a spike was taken as an indication of ‘threshold’ (Fig. 22). Using 


this method, the threshold depolarization was found to be several millivolts 


higher than the step, measured in the conventional way adopted above. 
Measurements of ‘step height’ and ‘threshold level’ are shown in Table 11, the 
means of eight experiments being 38 and 44 mV. respectively. These values are 
considerably larger than the figure of 15 mV. recently reported for the giant 
axon of the squid (Hodgkin et al. 1949), but the experimental conditions differ 
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jn two important respects: (a) the threshold of the squid axon was measured by 
- uniform stimulation of a long length of fibre instead of at one point, and (6) the 
gesting potential of the isolated squid axon is about 30 mV. less than that of 


TaB.z 11. ‘Step’ height and threshold level 
(Calcium concentration 8-6 mM. in al fibres except VIII where it was 1-8 mM. 


I Il 
= 
Fibre (mV.) (mV.)  (mV.) (mV.) 
I 87 39 44 5 
Il 35 37 2 
Itt 82 36 42 6 
IV 78 31 36 5 
$l 38 47°5 9-5 
VI 91 50-5 8 
VII 90 46 4 
VIII 88 38 43°5 55 
Mean 85 38 44 6 


frog muscle, If we were to define ‘threshold’ as a critical membrane potential, 
rather than a critical depolarization, the difference between the two sets of 
measurements would almost vanish, the ‘threshold’ being at about 45 mV. in 


either case. 

It is safe to conclude from the present experiments that the height of the 
end-plate step is determined by the threshold of the surrounding muscle 
membrane, and that the threshold of this region does not differ by more than 
a few per cent from the threshold of other parts of the muscle fibre. 


spike 


The analogy between an applied current and the neuromuscular transmitter: 


_ helps us to account for the height of the initial step, but it fails to account for 


_ the further course of the end-plate response, for its reduced amplitude and the © 
appearance of a hump on its dechning phase. 


It might be suggested that the size of the spike would, for some reason, i. 


_ smaller at the point where it originates than after it has been conducted over 


@ distance, and that this would account for the discrepancy of the active- 


_ membrane potentials in Table 9. It was important, therefore, to compare the 
_active-membrane potentials for a locally initiated and a conducted spike. Two 
_ successive records were taken from the same point of a muscle fibre, in a nerve- 


free part: first observing the conducted spike which was elicited some distance 
away, either via the nerve or by a direct stimulus through another internal 


- electrode. The second microelectrode was then inserted close to the recording 
point (less than 50 yu. distant) and another, direct, stimulus was applied. An 
_ example is shown in Fig. 23 where the peaks of the two action potentials are 
_ seen to differ by only 2 mV. The — during the first response usually -pro- 
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duced some local damage associated with about 10% drop of the resting poten- 
tial, but evidence will be presented, on p. 354 below, that this did not cause 


an immediate noticeable change in the active-membrane potentials, whose 


measurements therefore remained valid. 


' 1 2 3 4 5 6 7 8 msec. 


ie 23. Comparison of conducted and ‘locally originating’ spikes in a muscle fibre. The 
stimulating electrode was (a) 40 p., and (b) 2 mm. from the recording electrode. 


The effect of local mechanical damage can be appreciated quantitatively in the following manner. 
In the unstimulated fibre, the resistance across the membrane was on the average 200,000 2. 
(Table 4) and the potential difference 90 mV. Neglecting any initial leakage (cf. Nastuk & Hodgkin, 
1950) a 9 mV. (10%) reduction of the resting potential implies that a small leak has sprung around 


the microelectrode, amounting to a shunt of 1-8 MQ. (cf. Appendix II). During the spike, the effect 


of this shunt becomes much less important because the resistance across the membrane has fallen 
to about 20,000 Q. (see p. 356 below); the reduction of the active-membrane potential (35 mV.) 
caused by a leak of 1-8 MQ. is less than 0-5 mV. 


In six experiments in which conducted and locally initiated spikes were com- 
pared, the active-membrane potential of the former was on the average 1-5 mV. 
less than that of the latter, an insignificant difference (s.z. of mean + 1-3 mV.) 
and of opposite sign to that required. 

The second possibility which had to be examined was that the features of the 


_ end-plate response might be imitated by a direct stimulus, if the applied current 


pulse were maintained throughout the period of electrical membrane activity. 
When this was done, a number of interesting changes were produced which will 
be described in the following section, but they bore no resemblance to the 
end-plate response. On the contrary, under the influence of a maintained out- 
ward current, the action potential continued to build up to a higher peak, and 
there was no indication of a hump during the decline. This effect of the applied 
current was seen invariably, whether the current was passed through the end- 
plate or through other regions of the fibre surface. 
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sae might further be suggested that the characteristic features of the end-plate 


spike depend upon special properties of the muscle fibre at the junction, quite 
irrespective of release and local action of the transmitter. To decide this _ 


_ question, the action potential must be recorded at the end-plate when it is set 
up (a) by a nerve impulse (1) and (6) by a direct stimulus (M). Two successive 


records were obtained from the same end-plate with alternative stimulation 


_ of N and M. The sequence of the shocks was varied in different experiments. 
Usually, however, the direct stimulus was applied first, as it caused only one 


Fig. 24. Response to nerve (N) and direct (M) stimulation at the end-plate region of a muscle 
fibre. The direct current pulse was applied about 1-5 mm. away. S: stimulus artifact at the 
end of the direct pulse; 1 and 2: baselines (the lower corresponding to N the upper to M) 
showing a small drift of resting potential between the two stimuli, 3: electrotonic potential 
due to a subthreshold pulse. (The unusual notch in the N response following the hump, was 
due to an external spike potential of adjacent fibres.) Time marks, msec. 


fibre to contract. An example is shown in Fig. 24, and for better comparison 
the two records have been superimposed, by displacing one along the time axis, 
in the tracings of Fig. 25. It is clear that the muscle spike (N) arising from an 


_ @.p.p. fails to reach the level which it attains (M) in the absence of the e.p.p. 


The results of fifteen similar experiments are summarized in Table 12. The 


TaBLE 12. Comparison of M and N spikes at the same end-plates 
M N Difference 


c \ A (mM N) of 

Active- Active- active- 

Fibre (mV.) (mV.) (mV.) (mV.) (mV.) (mV.) (mV.) 

| | A. Three selected experiments 

I 88 419 31 85 101 Same 15 

I 90 121 31 85 ce 12 19 

It 90 115 25 93 103 10 15 

Mean 89 87 100 13 16 

B Fifteen experiments 
Mean 87 lll 24 80 ll 18413 
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first part of this table contains the measurements on three fibres, in which little 

or no local damage occurred, and the resting potential did not change appreciably 
between the two records. The mean values of all measurements are shown in the 
second part of Table 12; they include several experiments in which a substantial 


mV 


M 
N 


Fig. 25. Tracings of N and M responses at the end-plate region. Examples from two end-plates. 
Broken line: zero p.d. across membrane. A small drift of the resting potential between suc- 
cessive stimuli is indicated by the displacement of M and N baselines. 


drop of the resting potential occurred after the first stimulus, but as pointed out 
above (see p. 354 for further details), the measurement of the active-membrane 
potential remains valid. Whether we take average values or selected experi- 
ments in Table 12, the result is equally conclusive. It shows that the reduction 
of the active-membrane potential must be attributed to the effect of the 
neuromuscular transmitter. This reduction amounts to more than 10 mV., and 
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 ifwe compare Table 12 with the previous results of Table 9, it appears that the 
differences in active-membrane potentials recorded on and off the end-plates 
are thus entirely accounted for. 

This observation throws some light on the mode of action of the neuro- 
muscular transmitter. The reaction between acetylcholine and the end-plate 
not only fails to reach the level which is attained by the membrane action 

potential, but it drags the action potential down to a lower level. A simple 
4‘ explanation of this fact would be provided if the transmitter/end-plate 
- peaction were to ‘short-circuit’ the active muscle membrane. The spike arises 
_ from a sudden and specific increase of sodium permeability, casusing the 
- membrane potential to approach the equilibrium level of a ‘sodium electrode’ 
(Hodgkin & Katz, 1949; Nastuk & Hodgkin, 1950; Hodgkin, 1951). The e.p.p. 
| does not appear to be produced in this way, and we assume that during the 
, action of acetylcholine the end-plate undergoes a much more drastic change of 
its surface properties and becomes permeable to ions generally. We assume, in 
_ other words, that the end-plate membrane suffers a transient insulation break- 
_ down of the kind postulated by Bernstein and Hober, in contrast with the 
active change of the surrounding muscle membrane which is now known to 
, depend. upon a selective permeability to sodium. This ‘short-circuit’ hypothesis 
has a number of interesting consequences, some of which have been worked out 
in Appendix II and subjected to experimental test in the following sections. 
In the first place, the hypothesis implies that under the most favourable 
|  conditions—in the absence of blocking agents and with the maximum quantity 
_ of acetylcholine being released—the e.p.p. could approach, but not exceed, 
*simple depolarization. In order to depolarize, i.e. to provide an effective short- 
| Circuit for the resting potential, the leakage resistance across the end-plate has 
to be considerably less than the 200,000 ©. across the resting muscle membrane 

(see Appendix II). To reduce the active-membrane potential from 35 to 22 mV., 

the leakage across the end-plate has to be of the same order as the reduced 

- ‘Tesistance across the active fibre surface. It will therefore be of great interest to 
- find the value of this active-membrane resistance. 

‘ During normal impulse transmission, the required leakage of the end-plate 
‘sink’ may also be estimated from the known rate at which the resting muscle 
a _ membrane is discharged through this sink (normally 40-50 mV. in about 0:5 

 Msec.) and the two independent estimates should be compared. 

In Appendix IT, the depolarizing effect of a shunt resistance suddenly placed 
ut across the muscle membrane has been calculated and the results indicate that 
ne ? the leakage of the active end-plate is of the order of 20,000-30,000 Q. during _ 
‘i- Normal transmission. In the following section, experiments are described which 
on _ indicate that the resistance across the active fibre surface is of the same order 
he of magnitude. 

ad __ Finally, it follows from the ‘short-circuit’ hypothesis that the size of the e.p.p. 
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should be directly proportional to the resting potential, For example, if we 
were to raise the membrane potential to twice its normal resting level, by 
‘anodizing’ the end-plate region, the same .short-circuiting effect of the 
transmitter should then produce twice as large an e.p.p., and this relation 
should hold under all conditions, during neuromuscular block as well as in 
normal impulse transmission. | 


Resistance changes of the active fibre membrane g 7 bids. 

Measurements with alternating current have shown that the membrane 
impedance of nerve and muscle fibres undergoes a rapid diminution during the 
passage of an impulse (Cole & Curtis, 1939; Katz, 1942). Cole & Curtis con- 
cluded that the ‘high-frequency conductance’ (see Cole, 1949) of the axon mem- 
brane increases about 40-fold during the spike. The exact time course of this 
change was difficult to determine, but it is certain that the membrane con- 
ductance reaches its peak very rapidly during the rising phase of the action 
potential. 


Fig. 26. The effect of an extrinsic current during the muscle spike. Examples from four muscle 

_ fibres. A; three responses, with the current (a) being broken at the beginning of the spike, 
(b) near its peak (marked by arrow), (c) being continued throughout. Note the rapid tran- 
sition at the arrow, from ‘current-on’ to ‘current-off’ curve. B: (a) several subthreshold and 
one superthreshold pulse; (b) and (c), two responses with current off and on, respectively. 
C: showing several subthreshold and four superthreshold stimuli. With the latter, the current 
was broken either at the beginning (a), or during the spike indicated by arrows (c), (d), or 
maintained throughout (b). In B and C, note drift of resting potential (initial baseline dis- 
placement), but little or no change in active-membrane potential. D: four spikes, with the 
currrent alternatively off, on, or broken at moments marked by arrows. Note rapid change at 
the arrows, from current-on to current-off type of response. 8: stimulus artifacts at make and 
break of current pulse. 
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: » Ibis possible to obtain an estimate of the changes of membrane resistance by 


passing @ constant current through the fibre membrane and measuring the 


_ pd. which the current adds (henceforth called the ‘extrinsic p.d.’) during and 


msec. 
Fig. 27. Effect of extrinsic current during spike. Superimposed tracings. Examples of on and 
off curves from two muscle fibres. The ‘extrinsic potential’ built up by the current pulse 
during the spike is shown by curve D (which is obtained by subtracting the mean off from 
the on curve). Note: although the resting potential fell progressively, as seen by the dis- 
placement of initial baselines, the active-membrane potentials showed little change. 


after the spike. The procedure was to stimulate with a second microelectrode 


and to break the applied current at various moments after threshold had been 
reached (Fig. 26). The experiment depended upon a comparison of successive 
spike records, with the current on or off, and it was necessary in the first 
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sively falling resting potential, are strictly comparable. It has already been 
mentioned that a 10 or 20% drop of the resting potential, due to mechanical 
injury, does not necessarily invalidate the measurements of the active-— 
membrane potential. The justification for this is shown in Fig. 27. In this 
figure, successive records have been superimposed, by shifting the individual 
spikes horizontally, until the ascending phases met, but without shifting 
them vertically. Although the resting potentials (initial baselines) differed 
by several millivolts from one record to the next, the action potentials 
remained almost exactly superimposable. If the current was maintained 
beyond the initial subthreshold period, there was: i 

(i) No noticeable change in the maximum rate of rise of the spike. 

(ii) A distinct addition to, and broadening of, the peak. 

(iii) An increase in the maximum rate of fall of the spike. 

(iv) A later gradual redevelopment of the extrinsic potential difference. 

If the current was broken at any moment during this sequence, the membrane 
potential returned from the ‘current on’ to the ‘current off’ curve within a 
fraction of a millisecond. It would appear from the results in Fig. 27 that we 
are justified in using the ‘off’-curve as a baseline, from which the extra p.d. 
due to the maintained outward current can be measured. The only region in 
which reliable measurements could not be made was the steep ascending 
phase. A slight lateral displacement of the superimposed records would make 
a considerable difference here. It is unlikely that the applied current produces 
a large extra p.d. during this phase: (a) because the upstrokes of the super- 
imposed curves, as in Fig. 27, cannot be displaced from each other by more than 
30 sec. without noticeably mismatching the later parts of the curves; and 
(6) because the membrane conductance is known to reach its peak during the 
rising phase, and hence only a small extrinsic p.d. could be expected. It was, 
indeed, somewhat surprising to find that such a conspicuous potential 
change is produced by an applied current at the peak of the spike. Previous 
measurements (Kuffler, 19425) indicated that no such addition occurs and that, 
on the contrary, the whole of the electrotonic potential collapses during the 
_ spike peak. But the discrepancy between Kuffler’s and the present results is 
explained by the fact that we have recorded the action potential within 20-40 p.. 
of the cathode, while in the previous work an electrode of about 2 mm. width 
was used which would reduce the observed p.d. effectively to zero. It will be 
noted from equation 2 (see p. 334) that immediately at the cathode the p.d. 
produced by an applied current is proportional to +/(r,,7,) so that, even when 
the membrane resistance has dropped to 1% of its resting value, one-tenth of 
the previous electrotonic potential should still be observed. But the length 
constant +/(r,,/1;) is then also reduced to one-tenth so that, 1 or 2 mm. away, 
the extrinsic p.d. will be effectively abolished. 
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_ The time course of the extrinsic p.d. is indicated in Fig. 27 (D). As has been 
pointed out, the initial part of this curve (D) coinciding with the steep ascending 


_ phase of the spike is uncertain and depends upon the exact point at which the 


records have been superimposed. There is, however, no such uncertainty about 
the later course of the extrinsic p.d., measured during and after the peak of 
the spike. It has a characteristic shape with a maximum 0-5-1-0 msec. after 


the peak of the spike, and a minimum about 1 msec. later. This was observed 


in all fifteen experiments of this type, and it suggests that during the spike 


_ the muscle membrane undergoes two separate phases of increased ion permea- 


bility, one associated with the rise, the other accompanying the fall of the action 
potential. It will be noted that a relatively large extrinsic p.d. is built up during 
the slow initial phase of decline (the ‘angle’), but it drops to a minimum later 


| when the action potential falls more rapidly. This result seems to be analogous 


to recent observations by Weidmann (1951) on mammalian heart muscle and 
has an interesting bearing on the ionic theory of the impulse developed by 
Hodgkin & Huxley (1950; see also Hodgkin et al. 1949). According to this 
theory, two separate permeability changes occur during the spike: the rising 
phase is associated with a momentary increase of permeability to sodium ions, 
but this is a transient change which becomes rapidly exhausted or inactivated. 
It is followed after a brief delay by a phase of high potassium permeability 
which leads to a rapid return of the membrane potential to its original level. The 
present results provide evidence for two separate changes of membrane con- 
ductance, a transtent increase during the ascending phase, and a second increase 
during the fall. The two conductance changes may well be associated with 


_ the two separate phases of sodium and potassium transfer envisaged by the 
_theery of Hodgkin & Huxley. 


In nine experiments, the strength of the outward current was measured 
simultaneously with the extrinsic p.d. From the ratio of the two values, an 
approximate estimate of the membrane resistance can be obtained. The 


_ estimate depends upon the assumption that the time constant r,,c,, of the active 


membrane is brief compared with the time course of the extrinsic p.d. and the 
associated resistance change. Although this is over-simplified, it is approxi- 


TaxLE 13. Resistance across fibre membrane during the falling phase of the spike 
(Measured at the ‘dip’, of. Fig. 27, D.) 


Summary of the values of })/(r,,7;) in nine experiments: 


9000 23,000 14,000 24,000 24,000 21,000 42,000 22,000 12,000. 
Mean 21,000 Q. 


_ mately true for the relatively slow changes after the peak of the spike, when the 


time constant of the membrane appears to be of the order of 0-3 msec. (com- 
pared with 30 msec. in the resting muscle). In Table 13 the ratio of extrinsic 


_ p.d./outward current is given, at the time of the ‘dip’, in nine experiments. The 
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mean value is about 20,000Q., varying between 9,000 and 42,000 Q. These 
values represent the transverse resistance }+/(,,7;) of the active muscle fibre, 
measured during the falling phase of the spike: they are about one-tenth of 
the resting value (Table 4) which indicates that the niembrane resistance ,,, 
at that moment, is only about 1% of the resting values, 40 Q.cm.? instead of 
4000 Q.cm.*. During the rising phase of the spike, the resistance is presumably 
even lower. At the time of the spike summit, the extrinsic p.d. is of about the 
same size as during the ‘dip’, and we may tentatively regard the value of 
20,000 Q, as representing the active-membrane resistance during the peak of 
the spike as well as later during its falling phase. 

The time constant of the active membrane is, therefore, also of the order of 1% of the resting 
value, about 0-3 msec. compared with 30 msec. This is borne out by the fact that the added extrinsic 
p.d. disappears within a fraction of a msec. when the current is broken during the spike (Fig. 27). 

We suggested that the active end-plate, in spite of its minute size, short- 
circuits the surrounding active fibre membrane, bringing its potential down, 
from 35 to 22 mV. In order to produce this effect, it is clear that the active 
end-plate must itself have a low resistance, of the order of 20,000 Q. The 
presence of such a low-resistant sink must have an important influence on the 
further time course of the action potential, and it is possible to explain the 
appearance of the end-plate ‘hump’ without additional assumptions. It can 
be seen from Fig. 25 that the ‘hump’ is in reality due to.a rapid fall of the active- 
membrane potential from its peak towards a lower level which is not far from 
zero, and to a delayed return from this to the resting level. The hump is probably 
due to a continued short-circuiting of the membrane which not only reduces 
the ‘sodium-potential’ of the active fibre membrane, but causes it to discharge 
quickly when the period of high sodium permeability comes to an end. Simi- 
larly, the continued leakage through the end-plate must delay the restitution 
of the membrane potential, and these effects;are probably responsible for the 
characteristic ‘hump’ of the end-plate spike. 

To summarize, the neuromuscular transmitter not only produces an e.p.p. 
which gives rise to a muscle spike, but it interacts with the further course of the 
spike by depolarizing the active membrane and holding its potential close 
to zero. 


The relation between end-plate potential and resting membrane potential 

It is possible to change the p.d. across the fibre membrane, by means of 
electric currents, over a fairly wide range without substantially altering the 
resistance or capacity of the membrane (Hodgkin & Rushton, 1946; Katz, 
1948). This method helps one to distinguish between three conceivable mecha- 
nisms by which the e.p.p. may be produced. The e.p.p. might be the result of 
one of the following processes: (a) the transfer across the end-plate of a fixed 
number of ions (for example, by extrinsic current flow from the motor nerve); 
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Fig. 29. Relation between size of end-plate potential and- initial membrane potential. Normal 
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(6) a shift: of the membrane potential towards a fixed new level (determined, 
for instance, by a selective permeability change to one species of ions); (c) the 
establishment of a non-selective ion sink, equivalent to placing a fixed leak 
resistance across the membrane. | 
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Fig. 28, The effect of increased (‘anodic’) resting potential on the size of the e.p.p. Examples from 
four end-plates. a: zero p.d. across membrane; b: normal resting potential; c: resting potential 
has been increased by applied inward current. At C, transmission is blocked by the inward 
current, while at D transmission had failed at the normal level of the resting potential. 
Voltage scale: 50 mV., time marks: msec. (Record A(b) was taken with too high electrode 
resistance, giving some amplitude reduction; in all other records no appreciable distortion 
occurred.) 


resting and end-plate potentials are taken as unity. Normal resting potentials were: 90 mV. 
mean (65-104 mV.), E.p.p’s were measured at a fixed time after their start (before the spike 
originated or, if transmission was blocked, at the peak of the e.p.p.). The full line indicates 
direct proportionality; the broken line intersects the horizontal axis at the theoretical 
junction p.d. between Ringer and myoplasm (see text). 
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_ Process (a) would give a constant amplitude, and constant charge, of the 
e.p.p., independent of the initial level of the membrane potential (provided 
resistance and capacity of the membrane remain constant). —_ 

Process (b) would result in a variable amplitude, but approximately constant 
final level of the e.p.p., rather like that attained by the peak of the spike whose 
level is only slightly affected by changes of resting potential (Fig. 28). 

Process (c) would reduce the resting potential to a constant fraction and lead 
to a directly proportional relation between the size of the resting membrane 
potential and the amplitude of the e.p.p. (see Appendix I), 

The experimental procedure was to raise the resting potential to a higher 
level by subjecting the membrane to an inward current. The e.p.p. was observed 
at the normal resting potential (mean value 90 mV.) and at the increased level 
(varying between 118 and 235 mV.), and its size was measured at a fixed interval 
after the start. Examples are shown in Fig. 28, and the results of twenty-six 
experiments have been plotted in Fig. 29. The mean increase of resting potential 
in twenty-one experiments (not including the five observations discussed below) 
was 87-5%, the corresponding increase of e.p.p. size was 84%. There is little 
doubt that the size of the e.p.p. is approximately proportional to the value 
of the initial membrane potential, a result which is consistent with the ‘short- 
circuit’ hypothesis (c), but not with the other hypotheses stated above. 

The results of these experiments were obtained at junctions with widely 
different safety margins. At some the e.p.p. formed so large a proportion of 
the resting potential that no anodic block could be produced; at others trans- 
mission was readily blocked by an inward current (cf. Katz, 1939), and a pure 
e.p.p. produced, and finally at some end-plates, the e.p.p. was small and 
transmission failed even without the application of an inward current. The 
proportional relation between e.p.p. and membrane potential shown in Fig. 29 
was found regardless of the condition of the individual junction. 


It may be argued that even when the end-plate has become completely short-circuited, a junction — 


potential of some 14 mV. (Nastuk & Hodgkin, 1950) would remain between the outside bath and 
the myoplasm, On this basis, the theoretical relation should follow the broken line in Fig. 29 
rather than the full, 45°, line. 

In Fig. 29, the results of three measurements are included in which the resting potential had 
dropped below the original level, owing to local injury. Under these conditions, the theoretical 
relation is no longer exactly linear, but the divergence is too slight to be noticed. 

Another point requires comment: not all musele fibres were able to withstand strong ‘anodiza- 
tion’, and at times there were signs of dielectric breakdown when the membrane potential had 
been raised to some 200 mV. This showed itself in a rapid decline of the membrane potential 
while the inward current was maintained. The two measurements shown in Fig. 29 as dotted 
circles were made in this unstable condition and should, therefore, be disregarded, 
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DISCUSSION 


A large part of our results is ‘descriptive’ and deals with the intracellular 
recording of potential changes at the motor end-plate. These results may be 
briefly discussed in relation to previous work in which similar a or 
preparations have been employed. 

The values of resting and action potentials of the ‘muscle fibre’, as distinct 
from its end-plate (Table 9), agree with those reported by Ling & Gerard (1949) 
and Nastuk & Hodgkin (1950). At the end-plate, the resting potential is the 
same, but the action potential is reduced, provided excitation occurs via the 
nerve and the intensity of the transmitter action is high. The general features 
of the normal end-plate response (the ‘step-peak-hump’ complex) agree very 
well with those recently reported by Nastuk (1950). 

The composite nature of the end-plate response had previously been demon- 
strated in an admirable way by Kuffler (1942a) who applied an external re- 
cording electrode to an isolated nerve-muscle junction. The records obtained 
by Kuffler differ from our results in some important respects, and these 
differences require an explanation. Kuffler employed a special technique of 
‘interface recording’ which amounts in effect to the application of a micro- 
electrode to the surface of a muscle fibre in a large volume of saline. This 
method had certain advantages and was well suited to Kuffler’s delicate pre- 
paration, but it must be realized that under these conditions the observed 
potential change follows the time course of the membrane current, not that of 
the membrane potential (see Bishop, 1937; Lorente de N6, 1947; Brooks & 
Eccles, 1947). This leads to important differences in the shape of the e.p.p. 
and spike, for the membrane current depends upon d?/dz*, the curvature of 
the surface potential gradient, and may be directed inward or outward through 
the membrane. The ‘interface’ method is, in fact, a differential recording 
technique which is very sensitive to changes in the local potential gradient, 
but its results cannot be directly interpreted in terms of the membrane 
potential. For example, when the interface electrode was moved along the 
muscle fibre, the response changed very critically, and at 0-5 mm. from the 

end-plate, the initial e.p.p. deflexion had not only declined, but reversed its 
sign. This reversal means that the position of the electrode has been moved from 
the end-plate ‘sink’ where current flows into the fibre, to an adjacent region 
~ where the current leaves the fibre. At the centre of the junction, a triphasic 
response was recorded the first phase of which consisted of a ‘pure e.p.p.’ not 
superseded by a spike. This naturally led to the supposition that the membrane 
potential during the e.p.p. may attain the same level as during the spike; 
but with this conclusion, the present results do not agree. In our opinion, the 
_ absence of a spike component in Kuffler’s experiment merely implied that the 
_ inward current through the end-plate had reached a peak during the initial 
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e.p.p. and begun to decline when the spike originated. To explain this be- 
haviour, we may refer to the results of Fig. 21 and Table 9, where it is shown 
that the size of the e.p.p. is greatest, while the size of the spike is least at the 
centre of the junction.. Hence, during the transition from e.p.p. to spike, the 
electric response at the end-plate changes from the position of a spatial maxi- 
mum to that of a spatial minimum, and during this process the curvature of 
the potential gradient, and the membrane current, reverse. The situation may 


. Fig. 30. Diagram explaining the derivation of ‘interface’ recording (cf. Kuffler, 1942a) at the 
centre of the end-plate. The upper part indicates the changes of membrane potential, (1) at the 
centre of the end-plate, and (2) a small distance from (1). The lower part illustrates a ‘differential’ 
record (1) minus (2), which resembles Kuffler’s ‘inter-face’ recording. — 


be appreciated more easily by the simplified diagram in Fig. 30 in which 
Kuffler’s relevant record has been reconstructed as differentially recorded — 
between a point at, and slightly off, the centre of the junction. 

To summarize, it would appear that the discrepancies between Kuffler’s 
and the present results can be explained by differences in recording technique, 
remembering that we are concerned with changes of the membrane potential 
which are not faithfully recorded with an external microelectrode. 

In its quantitative aspects the present paper provides strong support for 
certain views previously presented: for example, it has again been confirmed 
that the transmitter action at the nerve-muscle junction is a brief impulsive 
event, and that the characteristic spread and decay of the e.p.p. is largely 
determined by the resistance and capacity of the resting muscle fibre. 

In addition, there have been two pieces of information which invite further 
comment: first, the determination of the quantity of electric charge which is 
transferred across the end-plate, and secondly, the fact that the end-plate 
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reaction leads to a smaller potential change, but apparently a larger change of 
conductance (per unit area), than the normal membrane spike. 
_ It has been pointed out that the electric charge which flows across the normal 


 end-plate during a single impulse requires the net transfer of at least 2-4 x 10-4 


mol. of univalent cations inward or anions outward and that this quantity 
becomes multiplied by a factor of about 50 in the presence of a cholinesterase 
inhibitor, The question arises how such a large flux of ions can be maintained © 


- aeross the presumably minute area of the motor end-plate, and what species 


of ions are involved. We are not in a position to answer this question, but 
certain, otherwise plausible, mechanisms are eliminated by the present results. 
It has recently been shown by Fatt (1950) that acetylcholine ions produce 
a substantial depolarization of the end-plate even when the external electrolyte 


content has been reduced to a small fraction and when no sodium is present in 


the outside fluid. Fatt considered the possibility that the flux of acetylcholine _ 


cations themselves might produce the necessary inward current. This did not 


seem a full, or very likely, explanation, but it remained conceivable under the 
conditions of his experiment. In view of our present results, we feel that this 
hypothesis has become untenable. If acetylcholine were to depolarize the end- 


_ plate by direct penetration, it would have to be released in quantities of some 


1-2 x 10-* mol. per junction per impulse, for enough acetylcholine ions must 
be made available to produce and maintain the e.p.p. in the prostigmine-treated 
muscle, We have no adequate information concerning the surface or the volume 
of the nerve endings at which acetylcholine is released, but it is difficult to 


believe that they are large enough to contain this amount of acetylcholine. If 
_ we take Kiihne’s (1887) drawings of the terminal arborizations in frog muscle, 


we are likely to over- rather than under-estimate the size of the nerve endings 
(see Couteaux, 1947), The surface area of Kiihne’s nerve-endings tree may be as 
large as 10-* cm.?, and its volume as much as 2 x 10-* cm.*. Even if we were to 
assume that the intracellular cation content of all these structures is made up 
entirely of acetylcholine, at a concentration of 120 mm., the amount of acetyl- 
choline inside the nerve would be only 2-4 x 10-" mol, i.e. barely enough for one 
or two impulses. Hence, even with such extremely favourable, though un- | 
realistic, assumptions we are led to the absurd result that practically the whole 
cation store of the nerve endings would have to be exchanged during a single 
impulse in order to produce an e.p.p. 

The only reasonable alternative appears to be that small quantities of 
acetylcholine alter the end-plate surface in such a way that other ions can be 
rapidly transferred across it, not only sodium and potassium, but probably all 
free anions and cations on either side of the membrane. Apparently, we must 
think in terms of some chemical breakdown of a local ion barrier which occurs 
as soon as acetylcholine combines with it, and whose extent depends upon the 
number of reacting molecules. 

PH. OXV. 24 
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An explanation of this kind fits the facts.reasonably well: it helps us to 
understand why a depolarization by acetylcholine can still be produced in the 
absence of external sodium salts, and it explains why the action potential, as 
well as the resting potential, is short-circuited by the e.p.p. Finally, it satisfies _ 
the requirement for a very large amplification of ionic currents which must occur 
at the point where an impulse is transferred from minute nerve endings to 
the enormously expanded surface of the muscle fibre. 

Our results suggest that the action of acetylcholine Lcateolreaite’ the 

muscle fibre at the end-plate and so reduces the active-membrane potential, but 
this effect does not occur when the muscle fibre is stimulated directly. It 
appears, then, that the action potential of the muscle fibre, if started elsewhere, 
' sweeps past the end-plate region without stimulating its neuroreceptors, for 
if they were made to react in the way in which they respond to a nerve impulse, 
_ the active-membrane potential would be the same in either case. It is a 
characteristic property of nerve or muscle membranes to respond to an electric 
stimulus with a regenerative electrochemical reaction. This reaction is now 
known to depend upon a selective increase of sodium permeability (Hodgkin & 
Huxley, 1950), leading to rapid entry of sodium into the fibre with a consequent 
lowering of its surface potential and reinforcement of the initial electrical 
alteration. This reaction proceeds towards an equilibrium level which is near 
the potential of a sodium electrode (Hodgkin & Katz, 1949; Nastuk & Hodgkin, 
1950; Hodgkin e al. 1949). Our evidence indicates that the end-plate receptors 
do not behave in this manner: they react to acetylcholine and various other 
chemical substances, but apparently not to the local currents of the muscle 
impulse; and if the end-plate does not respond to electric stimulation, then its 
electrical reaction to acetylcholine cannot be regenerative in the manner of 
the electric excitation of the surrounding membrane. Thus, it appears that the 
end-plate, i.e. the neuroreceptive area of the muscle fibre, differs from the 
surrounding fibre surface not only in its specific sensitivity to chemical stimu- 
lants, but in its lack of sensitivity to electric currents. 
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APPENDIX I 


‘The solution of the problem considered here has been kindly provided by 


Mr A. L. Hodgkin. . 

In the special case in which a charge is placed instantaneously, at time 
t=0, on a point along the fibre, at distance s=0, the solution of the general 
differential equation for the leaky capacitative cable without net current, 


@vy av 
takes the form 
t 


where g is the charge initially on the membrane and ¢,, is the capacity of the 


_ membrane per unit length of fibre. a the natural logarithm of equation (4) 


we obtain: 


| 
Since z appears only in the first term on the right of equation (5), if for any 
a t, log, V is plotted against 2*, a straight line will result with slope equal 
to —7,/4A%, from which A can be obtained. When applied to the curves of 
Fig. 9, for ¢ greater than 3 msec., this method gives values of A between 2°35 and 
2:1 mm. For the peak of the potential wave at any position z, dV/dt=0; so 
from equation (5) by differentiating and equating to zero, one finds that 
Tm 
This equation provides a simple means of evaluating A. Plotting 47?/r,,? + 27/7, 
against z* (7 is the time of peak potential at distance x) a straight line is 
obtained with slope equal to 1/A*. This method was used on p. 332, with the 
results shown in Table 3. 


APPENDIX II 
The ‘ short-circuiting’ of the end-plate during neuromuscular transmission 


‘It is suggested that acetylcholine short-circuits the end-plate and thereby 


discharges the surrounding muscle membrane and gives rise to a propagated 
spike. The short-circuit resistance thus placed across the end-plate surface 
must be low enough to produce the characteristic features of the normal end- 
plate response, viz. (i) to depolarize the membrane at an adequate rate and (ii) to 
shunt the active membrane effectively and reduce its reversed p.d. At the 


normal nerve-muscle junction, the resting potential is about 90 mV., and the 
24—2 
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e.p.p. reduces it to one-half in about 0-5 msec. Experiments with anodic block 
(cf. Fig. 28) indicate that the maximum end-plate depolarization is reached at 
about 1-2-1:3 msec. (20° C.) and, in the absence of a muscle spike, amounts to 
about 70% of the resting potential. : | 

The resting muscle fibre can be represented by the electrical cable model 
shown in Fig. 31. The quantities have been computed from Table 4 (Z,=90mV., 
= 100,000 O.cm., 1;=1-6 MQ./cm., ¢,,=0-3 »F./cm.). If a short-circuit 


Fig. 31. Two sections of an artificial transmission line representing the passive properties of a 
muscle fibre. The input resistance at one end of the line is approximately equal to the resistance 
across the midpoint of a muscle fibre; the time constant is 30 msec, and the length constant is 
represented by thirty-two sections. The e.m.f. was replaced by a dry cell (1-58 V.). 


resistance R is placed, at time t=0, across the mid-point of this transmission 
line (neglecting ‘liquid junction potentials’ and assuming the line to be longer 
than 84/(r,,/r;)) then the potential V at this point changes with time according 
to the following equation which has been kindly derived for us by Dr E. J. 
Harris: 


.erfoa/(t/r_)] +b (6) 
where By? Belt) 
= 


Ry = 
Using equation (6), the depolarization at t=0-5 msec. has been calculated for 
various values of R (Table 14). Another way of finding the potential changes, 


TaBuE 14, Relation between short-circuit resistance and ‘end-plate potential.’ 
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at various points of the line, consists in constructing an electrical model similar 
to that of Fig. 31 and recording the changes of potential at the desired point. 
A line of 100 sections was used, each having the components shown in Fig. 31. 
This line had the same input impedance and time constant as an average 
muscle fibre taken from Table 4. The ‘characteristic length’ (i.e. about 2:5 mm.) 
was represented by thirty-two sections and the resting potential was replaced 
by a dry cell (1:58 V.). When a series of different short-circuit resistances was 
placed across the end of this line, a family of curves was obtained, plotted in 


_ Fig. 32. To depolarize this model at approximately the same rate as the normal 
‘ end-plate (50% depolarization in 0-5 msec., 70%, in 1-25 msec.) a short-circuit 


Completely depolarized 


T 
1 


2 3 


_ Fig. 32. Depolarization resulting from a short-circuiting of the transmission line. The two circles 


indicate the depolarization levels observed during the rise of the normal e.p.p. This corresponds 
to short-circuiting by 20,000-30,000 . (shaded area). Ordinates: depolarization in volts 
(corresponding values for muscle fibre in brackets). Abscissae: msec. 


resistance of 20,000—30,000 2. must be used. As the release and decay of the 
transmitter are gradual processes, one may assume that the resistance of the 
end-plate membrane falls, during the first msec., to a value rather less than 
20,000 Q. and then gradually recovers, but the average value during the rising 
phase of the e.p.p. appears to be about 25,000 Q. 

During normal impulse transmission we thus have, very roughly, an end- 
plate ‘sink’ with a leak resistance of the order of 25,000 Q., in parallel with an 
active muscle membrane which—when not short-circuited by the active end- 


plate—produces a peak potential of 35 mV. and has a resistance of the order of | 


20,000 Q. (Table 13). The. presence of the end-plate sink reduces the active- 
membrane potential from 35 mV. to 35 x 25,000/(25,000 + 20,000) =19-5 mV. 
This drop of 15-5 mV. may be compared with the observed reduction of 13 mV. 
(Tables 9 and 12) and 16 mV. (Table 12). 
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An e.p.p. can be imitated in even more realistic fashion by placing a transient | 
short-circuit, e.g. a series combination of resistance and capacity across the } 
artificial line, with the result shown in Fig. 33. It is then a simple matter to 
reconstruct the experiments of p. 357, where an approximately linear relation — 


(36 mV.) 
A 
O4V 
(24 mV.) 
02V._ 
(12 mV.) 
0 10 20 _ 30. msec 
B 
1:58 V.} 


t 


“e 0 10 20 msec. 

Fig. 33. A: artificial e.p.p.’s. Oscillograph tracings from various points along the artificial line, 
when a short-circuit of 20,000 Q., in series with a 0-012 pF. condenser, was placed across it. 
- The distances from the short-circuited points were, successively from above: 0 sections 
(corresponding to the end-plate centre); 5 sections (corresponding to about 0-4 mm. from the 
_ end-plate centre); 10 sections (0-8mm.); 20 sections (1-6mm.); 30 sections (2-4mm.); 40 sections 
_ (3-2 mm.); 60 sections (4-8 mm.) Co-ordinates as in Fig. 32. B: relation between artificial 
e.p.p. and initial voltage level. b, ‘normal’ voltage and e.p.p.; a, line voltage reduced by partial 

short-circuit; ¢ and d, line voltage increased by applied inward current. : 


between resting potential and e.p.p. was observed. As during the actual 
experiment, the resting potential of the model was increased by passing an 
~ inward current (through 10 MQ.) into the line, and it was reduced by a steady 
shunt imitating the effect of local mechanical injury. Under these conditions, 
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a linear relation betwen e.p.p. and resting potential was — over a range 


from 40 to 240% of the normal level. 


According to the present hypothesis, an end-plate which has been depolarized by applied acetyl- 
choline should act as a partial short-circuit to the muscle fibre, and one would expect this to shorten 
the time course of a superimposed e.p.p. This prediction appears to conflict with experimental 


observations (e.g Fillenz & Hanafin, 1947) according to which the time course of such an e.p.p. 


remains unchanged. During a steady depolarization, however, additional factors must be con- 
sidered which the present simple hypothesis does not take into account. The resistance of the 
surrounding muscle membrane does not remain constant, but has been found to increase or de- 
crease during depolarization, depending upon the extent of the potential change (Katz, 1948). 
A moderate depolarization leads to a prolonged ‘local response’, associated apparently with entry 


of sodium ions into the fibre. This causes the initial potential change to build up to a higher level, 


and locally raises the resistance and time constant of the fibre membrane (cf. Hodgkin, 1947; 
Katz, 1948). A similar situation apparently occurs when acetylcholine is applied, for it has recently 
been shown (Fatt, 1950) that in the presence of sodium ions, the depolarization around the 
end-plates builds up to a higher maintained level than if sodium salts have previously been with- 
drawn. Fatt suggested that this is due to the regenerative action of sodium ions, which tends to 
spread and reinforce the depolarization in the surrounding region and thus increase the steady state 
resistance of the membrane. Hence, during steady depolarization by acetylcholine, we may have 


- to consider a situation in which the end-plate) ‘sink’ itself presents a low resistance, while the 


resistance and time constant of the surrounding fibre membrane are raised. 


SUMMARY | 
1. The electrical properties of the ‘motor end-plates’ of frog muscle have 


_ been investigated with an intracellular recording electrode. 


2. The resting potential of the end-plate membrane is about 90 mV. at 


20° C.; it is the same as elsewhere along the muscle fibre and is unaffected by 


curarine. 

3. When neuromuscular transmission is blocked, a siti end-plate poten- 
tial (e.p.p.) is recorded which reaches 20-30 mV. in some fibres, but varies in 
amplitude over a wide range at different junctions. The e.p.p. rises sharply, 
reaches a peak in 1-1-5 msec. and declines to half in another 2 msec. The e.p.p. 


_ spreads electrotonically along a few mm. of the muscle fibre. 


4. In a curarized muscle, the displacement of electric charge from the 
fibre membrane reaches @ maximum at about 2 msec. after the start of the 
e.p.p., followed by a gradual replacement. The restoration of charge follows an 
exponential time course, with a time constant of 20-30 msec. 

5. An analysis of the distribution of charge indicates that the active phase 
of neuromuscular transmission is a brief, impulsive, event lasting only a few 
msec., and that the prolonged spread and decline of the e.p.p. are determined 
by the resistance and capacity of the resting muscle fibre. The values of the 
membrane resistance and capacity determined from the properties of the 
e.p.p. are 4000 O.cm.* and 6 uF./cm.? Another series of measurements, using 
applied inward current and an analysis of the electrotonic potential, ie 
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6. The net electric charge which is transferred across a curarized end-plate 
during one impulse is of the order of 8x10" coulomb, corresponding to 
8 x 10-% mol. of univalent ions. 

7. In normal muscle, this value becomes 3-4 times larger. After treating the 
muscle with a cholinesterase inhibitor, the e.p.p. becomes greatly prolonged 
and the total amount of charge transferred through the end-plate increases 
by a fagtor of up to 50, Under these conditions a charge, equivalent to at least 
10-2 mol. of univalent ions, passes through the ‘end-plate sink’, while building 
up and maintaining the depolarization of the surrounding fibre membrane. 

8. During normal impulse transmission, the electric response of the end- 
plate differs from that of other parts of the muscle fibre in three respects: 
(i) the response is initiated by a large e.p.p., forming an initial half-millisecond 
step of about 40 mV. height; (ii) the peak of the spike is reduced, the reversed 
p.d. across the active membrane being about 20 mV., as compared with 35 mV., 
at other points of the fibre; (iii) during its fall, the action potential passes 
through a ‘hump’, at a level of the membrane potential which is not far from zero. 

9. The height of the initial step signifies the threshold level at which the 
potential of the muscle membrane becomes unstable: a step of the same height 
is seen, when an action potential is set up by passing outward current through 
a muscle fibre, at or off the end-plate. 

10. The subsequent characteristic features of the end-plate response (re- 
duced peak, followed by “‘hump’) cannot be reproduced by an extrinsic current. 
Moreover, they are not seen when an action potential, produced by direct 
stimulation, is recorded at the end-plate, the active-membrane potential being 
then about 15 mV. larger than during newromuscular transmission. Hence, 
the local action of the transmitter depolarizes not only the resting, but also 
the active surface of the muscle fibre, 

11. A simple hypothesis is put forward to explain the features of the end- 
plate response, and also certain previous observations concerning the electro- 
motive action of acetylcholine. Assuming that acetylcholine produces a large 
non-selective increase of ion permeability, i.e, a short-circuit, of the end-plate, 
then the production of the e.p.p., the diminution of the active-membrane 
potential, and the hump during the falling phase can all be explained, as well 
as the fact that acetylcholine depolarizes the end-plate even in the absence of 
sodium salts (Fatt, 1950). 

12. A quantitative estimate, based upon two independent sets of measure- 
ments, indicates that theend-plate membraneis converted, during normal impulse 
_ transmission, into an ion ‘sink’ of approximately 20,000 Q. leak resistance. 

13. The size of the e.p.p., at normal or blocked junctions, can be varied over 
a wide range by increasing the resting membrane potential with anodic polari- 
zation. H.p.p. and resting membrane potential are found to be approximately 
proportional, as would be expected from the above hypothesis. 
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_ fraction, approximately 1%, of its resting value. The resistance change occurs 
_in two phases, associated respectively with the rise and fall of the action. 
_ potential, and probably corresponding to the separate phases of — 
_ sodium and potassium permeability (Hodgkin & Huxley, 1950). 


Parkinson for his invaluable help. This work was carried out with the aid of a grant for scientific 
_ assistance made by the Medical Research Council. 
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14. During the muscle spike, the membrane resistance falls to a small 
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THE RELATION BETWEEN SERUM CHOLESTEROL a 
AND PHYSIQUE IN HEALTHY YOUNG MEN aa 


By J. M. TANNER 
From the Sherrington School of Physiology, St Thomas’s Hospital, London 
| (Received 5 February 1951) 


- There is a persistent tradition that physiological function amongst humans is 
related, in some of its aspects, to bodily form. The amount of accurate scientific 
work done on this subject, however;:is as yet very small.-This is due partly to _ 
the difficulties encountered by all those concerned with human rather than 
animal physiology, partly to the inevitable biometrical complexity the data 
introduces, and partly, perhaps chiefly, to the lack of efficient methods for 
measuring bodily form. Within the last. decade or so all these difficulties have 
lessened considerably, and none more than the difficulty of classifying physique. 
It seems time therefore for another, and more vigorous, attack in this field of 
__ physiological research, which might perhaps be called constitutional physiology, 
or physiological anthropology. 

The present paper is a highly tentative step into the borders of this field. 
The level of serum cholesterol is one of the physiological measurements reputed 
in the older literature to depend on bodily form, and this relationship has been 
reinvestigated in a group of forty-six healthy young men. Cholesterol was 
chosen partly because of this previous work, partly because its serum level is 
widely believed to show a relatively small variability in one person from one 
day to another, but a relatively large variability between different people, and 
partly because it is known to be affected by the level of secretion of at least 
two endocrine glands, the thyroid and the adrenal. It was planned simul- 
taneously to éstimate serum precipitable iodine levels, but the attempt proved 
abortive, the method selected being insufficiently sensitive to distinguish the 
inter-individual differences. Three other physiological variables were measured 
at the same time: body temperature (in mouth and rectum), resting heart rate, 
and resting respiratory rate. Temperature was studied in view of some previous 
experiments which had shown it related, though not closely, to physique 
_ (Tanner, 1944, 1947); heart rate was measured for a somewhat different reason, 

and an account of the relation between this variable and body a 
will be found in an accompanying paper (Tanner, 19512). 
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Secondly, there is also in the present paper a discussion of the relability of 
these physiological measurements, by which is meant their repeatability from 
one time to another. The physiological measurements were made twice on each 
subject, the interval between the two being approximately a week, and from 


this data an estimate is given of the week-to-week stability of the functions 


measured. 


MATERIAL AND METHODS 


The material consisted of forty-six young men, all except two of whom were medical students 
drawn from the regular classes. All were well acquainted with the investigator and familiar with 
his laboratory. Their ages ranged from 18 to 36, but only two were over 28; the mean age was 22 
years. All were supposedly in good health. 

The experimental period was restricted to between 10.30 a.m. and noon, on Monday to Thursday 
mornings during January, February and the first part of March in 1948. Three subjects were in- 
vestigated each morning, each subject being in the laboratory for half an hour. Each subject 
attended twice, the interval between sessions averaging 8 days, with 85% of second attendances 
falling within 6 and 11 days of the first. So far as possible the second visit was at a different time 
of day from the first. The subjects had nothing to eat, drink or smoke for 2 hr. before the experiment, 
began. They were requested not to take any avoidable exercise that morning and to refrain from 
bicycling to work, even a relatively short distance. 

Each subject arrived 15 min. before his experimental period was due to begin, and sat down 
outside the investigator’s room, filling up a form and reading an account of the reasons for doing 
the experiment and of the technique used. At the end of this time he was called into the laboratory, 
and his pulse rate standing was immediately taken over a 4 min. period. He then lay down on a 
couch and was told to ‘relax completely, go to sleep if you want to; you have nothing whatever to 
do for 20 min.’ The pulse rate was recorded every alternate $ min. for 17} min., and the respiratory 


‘rate from the 15}th to the 16jth min., the latter without the subjects being aware of the 


fact. 
Temperatures.’ After 174 min. mouth and rectal thermometers were inserted and left in place 
between 34 and 4 min. The same two thermometers were used throughout, and at the end of the 
experiment sent to the National Physical Laboratory for testing. The temperature of the laboratory 
was regulated as well as possible by electric fires, and varied between 174 and 20° C., except on 
four éccasions when it fell to 164°C. The subjects were fully clothed during the period when the 
heart rate was measured, and none complained of feeling cold. The 9 a.m. outside air temperature 
and barometric pressure for the period of the investigation were obtained from the Geographical 
Department. These outside temperatures varied considerably; during the first month they lay 
between 33 and 52° F. (0-2 and 16-7° C.), but a cold spell lasting some 3 weeks then occurred with 
temperatures between 26 and 38° F, ( -3-3 and 3-3° C.); the last few days were again mild. 
Serum cholesterol, After the body temperature had been taken, the subject sat up and blood was 
drawn from the antecubital vein, venous occlusion being used. The blood was allowed to clot and 
the serum pipetted off. The method used for cholesterol was that of Schoenheimer & Sperry (1934) 
as modified and adapted for a photoelectric colorimeter by Clarke & Marney (1945). The method 
involves the precipitation of cholesterol as the pure digitonide and its subsequent estimation by the 


Tiah QD. L 


dt reaction. Two ml. of serum were used, and duplicate determinations were 
made from the acetone-alcohol extracting mixture into which this was placed. The method was 
found convenient and simple, if rather time-consuming; Beer’s law was followed exactly in the 
Evelyn colorimeter for the standards, and 85% of the duplicates fell within 2% of each other. 
Only total serum cholesterols were estimated. 
Somatotyping. The pictures were taken using the 35 mm. camera technique previously described 
(Tanner & Weiner, 1949), with a 10 m. distance from lens to centre of rotation of turntable, and 
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a 10 om, distance from heelplate to centre of rotation. The pose was, unfortunately, not the now 
accepted standard one (Dupertuis & Tanner, 1950); most of the subjects were in the position 
described by Dupertuis & Tanner as the ‘loose’ pose, but some were even farther from what I now 
regard as optimal, and had their left arms somewhat flexed at the elbow. Of our forty-six subjects, 
twenty-four were between their 17th and 21st birthdays and so are covered by Sheldon’s (1940) 
anthropometric table, but in only twelve of these was posing sufficiently accurate to ensure full 
anthropometric somatotyping. In these the loose pose measurements were adjusted to standard 
by increasing the upper arm thickness measurement (ATU) by 14% and decreasing the forearm 
thickness measurement (ATL,) by 2%; these corrections were found to be the only ones necessary 
in a study of subjects in both poses (Dupertuis & Tanner, 1950, appendix). The somatotypes of 
these twelve subjects were found anthropometrically from Sheldon’s tables, modified to accord 
with the 10 m. lens-subject distances (Tanner & Weiner, 1949), and must be considered objective 
in the sense that they are identical with the somatotype ratings Sheldon and all other anthropo- 
metric workers would assign. The remaining thirty-four subjects being either insufficiently well 
posed or outside the age range of the tables, are not strictly rateable in this way, though the tables 


were found useful for many measurements which change little during the early twenties. These — 


subjects were somatotyped anthroposcopically, with reference to a key file of pictures. Such 


ratings, if made by someone with sufficient experience of this work, are likely to be very close to 


the ‘true’, i.e. Sheldon-assigned somatotypes, diverging on the average less than half a degree per 
component and only occasionally reaching a difference of one degree in any rating. 

Anthropometric measurements. Stature, sitting height, biacromial diameter, bicondylar dia- 
meters of humerus and femur, and weight were measured. Unfortunately, the measurements had 
to be taken in the early evening, about 5.30-6.30 p.m., but every effort was made to induce the 
subject to stretch to maximum stature and sitting height. The techniques of these measurements 
were the usual ones (see Tanner & Weiner, 1949). Since we wished to use Burt’s equation for 
leptosomic factor (Burt & Banks, 1947) constructed using the special ‘leg’ measurement of Morant, 
we took this special measurement also. It may be called the back-heel length, and is taken by having 
the subject sit against a wall with his legs strétched as straight as possible against the ground; 
the distance from the wall to his heels is measured (Morant & Gilson, 1945). We found this an 
inaccurate and unsatisfactory measurement for our type of work; it was designed for use only in 
shaping clothing. 


Four measurements of the thickness of skin plus subcutaneous tissue were taken, by raising a = 


double fold between the fingers and measuring with calipers designed for the purpose; the technique 
follows the usual pattern, and the reliability is represented by correlation coefficients between two 


successive measurements on the same person of 0-95-0-96 in the transformed scale (see below); — 


this is slightly less than for other anthropometric measurements, but not greatly so. These folds 


were measured over the biceps, over the triceps (half-way between the acromion and olecranon), — 
under the left inferior scapular angle, and above the left iliac crest in the anterior axillary line. The 


distributions of these subcutaneous tissue measurements are markedly leptokurtic and skewed with 


a long tail to the right, and must be transformed before an adequate biometrical analysis can be — 


done on them. It has been shown (Tanner, unpublished) that in a series of approximately 400 


students aged 18-30 the transformation Y =log,, (X -3), where X is the caliper reading in mm, | 


produces a distribution not departing significantly from normal in values g, and g, for subscapular 
and over-triceps measurements. (The transformation is biologically founded on the fact that the 


lowest reading ever obtained by this technique is 3 mm., which is, therefore, presumably the — 
thickness of a double fold of skin alone; subcutaneous tissue itself appears to be logarithmically | 


distributed in these sites.) For the other two subcutaneous tissue folds, over-biceps and suprailiac, 
the same transformation, though it alters the distribution considerably in the direction of normality, 
does not complete the job. Consequently the analysis has been done using subscapular and over- 
triceps measurements. 

Biometrical methods. By unreliability is meant the variation in replicated measurements on the 
same individual. It is compounded of errors of ascertainment, or measurement, and errors due to 
physiological fluctuation in the variable measured. The observed value of any measurement can be 
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written X=X,+e, where X; is the ‘true’ or stabilized value, constant for each individual, and ¢ is 
the unreliability term. Then ¢ is a random variate which we assume uncorrelated with X,, with 
mean zero and variance ThUS 8° unr, is calculated as the expected residual (i.e. 
mean square in an analysis of variance of the duplicate values into between-person an residual 
sources. The between-p ted mean square is s*,,,., plus twice the variance of the stabilized 
values X,, and thus the value of the variance of X, is obtained. The reliability coefficient is cal. 
culated as 


Mean square between persons - mean square residual 
Mean square between persons + mean square residual" 
time, an assumption made throughout the present paper. 

The regression and correlation coefficients adjusted for unreliability of measurement are obtained by 


RESULTS 

Week-to-week relabilitres 

As it is hopeless to try to relate physique to a physiological measurement which 
changes greatly from minute to minute, hour to hour or day to day, two sessions 
were arranged with each subject so that it could be seen whether the particular 
physiological variables measured in this investigation were stable from one time 
to another, or the reverse. The two visits were an average of 8 days apart, and 
85% of subjects returned for the second session within 6-11 days of the first. 
The raw data are given in Table 1 and the week-to-week reliabilities of the 
various physiological measurements in Table 2. (The figure for cholesterol 
reliability coefficient was wrongly given in the preliminary communication 
(Tanner, 1949), through an arithmetical error; the present figure is the correct 
one.) 

The first column of Table 2 gives the coefficient of reliability, which is nearly 
the same thing as the coefficient of correlation between first and second 
readings. This coefficient represents directly the proportion of the variation of 
the obtained values due to variation of ‘true’ or stabilized values, that is, 
values which would be obtained if a large number of determinations covering 
several weeks were made on each individual and their average taken—in other 
words, the values when day-to-day variation has been ironed out. Thus, for 
serum cholesterol 85% of the variance of a set of values obtained on a single 
occasion is estimated as due to factors which do not change from one week 
to another, whereas 15 °% is due to factors which are of a more transient nature. 
(The principle of this analysis could, of course, be carried further, dividing the 
variance of a given set of values up into that due to hour-to-hour, day-to-day, 
month-to-month, year-to-year, and unaltered-over-several-years factors.) 

In the second column of Table 2 is given ‘s,.... weex’» by which is meant a 
statistic analogous to the standard error of measurement, but including besides 
pure instrumentation error those physiological fluctuations about a stable 
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value which take place over the period of a week. Both instrumentation errors 
and fluctuations contribute to the variation shown in repeated measurements 
on the same individual, and both sources of variation are referred to as sources 
of unreliability. The interpretation of ‘8 unr, week 18 that of any standard error; 
if we made repeated serum cholesterol estimations, for example, on a single 
individual during a week or for somewhat longer, 95 °% of the determinations 
would lie within ‘ +28 snr. weex 0f the ‘true’ or stabilized value, that is, the mean 
of an infinite series of such determinations taken over the same period of time. 
In the third column of Table 2 ‘s inv. week 18 given as a percentage of the mean 
value of the variable. | 


Taiz 2. Week-to-week reliability of various physiological 
measurements taken on forty-six healthy young men 


8 unr, week 
Reliability ‘of mean 
Variable coefficient $ unr, week t 

Serum cholesterol (mg./100 ml.) 0-850 11-63 6-12 

Resting heart rate (min.) 0-605 5-43 8°75 

ing respiratory rate (min.) 0-590 1-94 12-52 

Oral temperature (° F.) 0-738 0-217 0-21 

Rectal temperature (° F.) 0-591 0-274 0-28 
Rectal difference (° F.) 0-271 _ — 


The reliability coefficients provide the most readily useful measure, perhaps, 
since they are. independent of the scale of the measurement, and directly 
comparable for all the variables. For seeing whether a change from one. 
occasion to another in a given individual’s figure is likely to be due to measuring 
error or not ‘8 unr, week 18 more useful. Serum cholesterol appears to be the most 
reliable, or least fluctuating, of the variables measured; heart rate (taken as 
the average of ten readings 6-15 min. after lying down) seems about equally as 
reliable as respiratory rate. Oral temperature appears to be slightly more 
reliable than rectal temperature, but this difference is not significant, being — 
only about. one and a ‘half times its standard error. It is possible that the 
reliability of rectal temperature would have been higher had more care been 
taken to insert the thermometer to exactly the same depth on each occasion; 
there were a few rather highly discrepant readings which suggest inefficient 
instrumentation. The rectal-oral temperature difference varies almost hap- 
hazardly from week to week; evidently it depends upon environmental cir- 
cumstances altering blood flow to the two parts much more than on fixed — 
_ anatomical differences in blood supply. Salit & Tuttle (1944) give heart rate 

test-retest correlations over a weekly interval of 0-63 for twenty men, 0-76 for 
forty women. For serum cholesterol taken on sixty-nine male students, 
Peeler, Hepler, Kinney, Cisler & Jung (1950) found a test-retest correlation of 
_ 0°88, with no difference between a 7-day and a 38-day interval. The figure for 

“Sunr. week &l80 receives rather nice confirmation from the data of Peters & Man 
(1943), who report the range of repeated cholesterol determinations on several 
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individuals. Our ‘Sune, week 18 Supposed to estimate the standard deviation of 
such repeated determinations, over a week’s period or very likely longer, and if 
so, then the range should be about four times‘... weex, that is, 47 mg. for about 
thirty observations on each individual; Peters & Man’s figures are 54 and 66 mg. 
for two individuals with thirty-four determinations over 45 months and 
twenty-eight determinations over 30 months respectively. For four further 
individuals with 12, 9, 8 and 7 determinations over 56, 12, 6 and 2 months 
respectively one would anticipate a range of about three times ‘8,7, week» that 
is, 35 mg., and the obtained figures are 44, 25, 29 and 25 mg. 

It should be noted that these reliabilities are all fairly low, in terms, for 
example, of anthropometric measurements, which have coefficients varying 
from about 0-94 to practically 1-0. Most of the physiological measurements are 
nearer the figures for psychological tests, Physiologists have not as a rule paid 
much attention to this fact, or to its biometrical implications. Not infrequently 
measuring their variables once only, they have tacitly assumed reliabilities 

much in.excess of the true figures. A recent study by Davies & Shock (1950) on 
the reliability of some renal measurements stands out as an exception to the 


general run of events. 
Serum cholesterol 


Cholesterol distribution. The frequency distribution of the average serum 
cholesterol figures (i.e. mean of two sessions) is shown in Fig. 1, and the basic 
data of this study are given in Table 1. The serum cholesterol distribution, 
unlike that of the subcutaneous tissue, is not skewed to the right, a point of 
some importance. Though admittedly only a rather large amount of skewness 
and kurtosis can be detected on forty-six observations, there is little evidence 
for a departure from the Gaussian curve in this data. The average cholesterol 
mean is 190-5 mg./100 ml. serum, and the standard deviation is 28°5 mg. 
Fisher’s (1950) statistics for test of normality are g,= + 0-0095+0-350 and 
9o= +0-981 + 0-687. The means and standard deviations on the first and second 
occasions are respectively 191-9 and 29-4, and 189-1 and 30-3; and the best 
estimate of between-individual standard deviation is 27-4. The regression of 
cholesterol on age is 1-68 + 1-01 mg./year,in this restricted age group. 

Cholesterol and subcutaneous tissue. The largest single relationship of serum 
cholesterol to any particular aspect of physique in this data is that with the - 
subscapular subcutanedus tissue. Taking the latter in its transformed scale, the 
regression is a linear one, with a coefficient of + 90-96 + 20-07 (P<0-001) and 
the equation 


Serum cholesterol (mg./100 ml.) = 90-96 subscap.subcut.tissue transform 
+ 92-51. 


The standard error of estimate (s¢,,) is 26-04 mg., this being the error for the 
average of two determinations of cholesterol. A graph of this relationship is 
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Fig. 1. Frequency distribution of serum cholesterol values in forty-six healthy young men aged 
18-86 years. Each value is the average of two determinations taken approximately a week 
apart. | 
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Fig. 2. The relation between serum cholesterol (average of two determinations approximately a 
week apart) and subscapular subcutaneous tissue. Along the horizontal axis the upper scale 
is subcutaneous tissue in mm.; the lower scale its transform, log (X - 3). Cholesterol = 90-96 
subcutaneous transform +92-51, 8. 26-04 mg., r=0-48. 
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given in Fig. 2, in which both ordinary and transformed scales of subcutaneous 
tissue are given along the horizontal axis. It would be possible in theory to 
refine slightly the normal standards of serum cholesterol used clinically by 
reference to this equation. However, a more convenient standard, of almost 
equal efficiency, is one based on height and weight, given below. The between- 
individual correlation coefficient (r) calculated in the ordinary manner is 
0-431, indicating that about 18-6% of the variance of the cholesterol value is 
associated with variation in subscapular subcutaneous tissue. However, the 
correlation is somewhat attenuated by the unreliability of the cholesterol 
values, and the correlation between the stabilized values of cholesterol and 
subscapular subcutaneous tissue (calculated as given under methods) is 0-497, 
with 25% of the variance of these values associated with subscapular tissue 


variation. 


The regression coefficient of cholesterol on subcutaneous tissue over triceps 
is 35-01 mg. per unit subcutaneous tissue transform, and this is just a trifle 


below twice its standard error. In other words, if any relation between — 


cholesterol and subcutaneous tissue at this site exists, it is a considerably less 


strong one than that for subscapular tissue. This is not as surprising as it may 


seem at first appearance. I think it probable from various growth data, though 


by no means proved, that subscapular fat gives a better indication of the type 


of fatness that is common to both sexes and independent or quasi-independent 
of sex, while the deposit over the triceps is a more specifically female fat depot, 
occurring primarily in women, and in men as much in relation to androgyny as 
to general fatness. If this really is so, it would seem that it is to the non-sexual 
fat element that serum cholesterol is chiefly related. Three facts can be adduced 
to support this argument: first that the literature shows no great difference in 
cholesterol values between men and women; secondly, that in the present sub- 
jects cholesterol level is unrelated to androgyny (see below); and thirdly, the 
correlations in the present group between androgyny score and subcutaneous 
tissue at triceps and subscapular sites, which are respectively —0-319 and 
— 0-085. 

Cholesterol and somatotype. Taking the three Sheldon components of physique 
separately, the regressions of cholesterol on each, with their standard errors, 
are: endomorphy + 10-68 + 3-76, mesomorphy —2-56+ 4-37, and ectomorphy 
—7-43 + 3-92. The regression on endomorphy differs significantly from zero, and 
that on ectomorphy is sufficiently large to arouse considerable suspicion. The 
percentage of cholesterol variance associated with variation in endomorphy is 
15:5 %, the standard error of estimate is 26-5 mg., the correlation 0-394. It is 
one of the biometrical difficulties in dealing with this system of physique 
classification, however, that the three components are themselves negatively 
interrelated, and so we have a partial regression coefficient of cholesterol on 


ectomorphy, endomorphy constant, of —3-38. The multiple correlation 


t 
| 

i} 
by 
tha 
ih, 
Ke 
ny 
of 
& 


380 J. M. TANNER 


coefficient is 0-410. The correlation of cholesterol and endomorphy, adjusted 
for cholesterol unreliability by the methods given above, is 0-445; about 20% 
of the stabilized cholesterol value variability is associated with variation in 
endomorphy. 
_ Evidently cholesterol is related to the endomorphic component of physique, 
and not very much, so far as our evidence here goes, to the others. The relation 
of this finding to that of the previous section is dealt with in the discussion. 
Cholesterol and leptosomic factor. Turning now to the factor analysis classifica- 
tion of physique, there is a significant relation between Burt’s leptosomic 
factor, L.¥. (Burt & Banks, 1947) and serum cholesterol. Taking L.F. to increase 
a8 ectomorphy increases (contrary to Burt’s usage) the —— coefficient 
is —0-335, and the regression equation 


Cholesterol (mg./100 ml.) = 192-9— 10-1 L.F., 


with a standard error of estimate of 27-2 mg. This would appear to indicate that 
cholesterol had a relationship to linearity of build, since the leptosomic factor 
has been shown to be very nearly the equivalent of ectomorphy (Tanner, 1947). 
However, this is probably not the case, for subscapular subcutaneous tissue and 
the leptosomic factor are negatively interrelated to the extent of r= —0-640 
in this data, and the partial correlation of cholesterol and L.¥. with megane 
tissue constant is —0-09, an insignificant level. 

We reach the same result as when dealing in terms of somatotypes; linearity 
of build itself is without association with serum cholesterol amongst people all 
of the same degree of endomorphy, or of the same endowment with sub- 
cutaneous fatty tissue. On the other hand, if the leptosomic factor is held 
constant statistically, the partial correlation of cholesterol and subscapular 
tissue is still 0-300, at the border of significance. One should qualify these 
conclusions, however, with the remark that partial correlation technique is not 
entirely satisfactory for such small numbers of subjects and with possibly 
skewed somatotype component distributions, so that the reverse possibility— 
of cholesterol being primarily related to ectomorphy and linearity and only 


secondarily to endomorphy and subcutaneous tissue—should not be rejected 
out of hand. 


Cholesterol and androgyny. A new scale for measuring the degree of androgyny 


based on the use of a discriminant function has recently been devised (Tanner, 
1951¢), the degree of masculinity of physique being given by 
Androgyny score =3 biacromial diameter — biiliac diameter. 


Biiliac diameter was not measured on these subjects, but we may take the 
relative weights of maximum hip width and biiliac diameter to be very similar 
in an equation constructed in the manner of this androgyny score, and so we 


' May use the maximum ee hip width, 7B;, multiplied by 8-33 to 
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~ convert to life size, instead of biiliac diameter. This gives us a different mean 
_ for androgyny score from that given by the equation above, but it is otherwise 


comparable. The correlation of cholesterol and androgyny was 0-019, or zero, 
practically speaking. | 
Cholesterol and height, weight and bvacromial diameter. The relationships 


‘discussed above make it clear that cholesterol must be related to body weight 


and perhaps to other simple measurements such as height and biacromial 
diameter also. The unadjusted between-person correlations are with weight 
0-324, height — 0-062, biacromial diameter 0-179. The relationship of cholesterol 
and weight is somewhat bettered by keeping height constant, the partial 
correlation being 0-394, Though this weight relation tells us considerably less 
about the physiological situation than does the correlation with subcutaneous 
tissue and somatotype, it may be more useful in constructing standards for 
normal cholesterol values, since weight is routinely and simply measured. The 


‘partial regression equation is 


Serum cholesterol (mg./100 ml.) =0-738 wt. (Ib.)—1-56 ht. (cm.)+ 356-45, 


with a standard error of estimate of 26-8 mg. when the cholesterol figure is an 
average of two determinations made on separate days. The multiple correlation 
is 0-397. This is nearly as good an estimate as from subscapular subcutaneous 
tissue and more convenient for the clinical pathologist. On the basis of this 
standard the usual + 2 standard deviations would be, without the consideration 
of the subject’s height and weight, 190 mg.+59-6 mg., but with height and 
weight, the predicted level +53-6 mg. Whether the clinician considers this 


‘ telatively small gain in precision a useful one is for him to say. It would be 


usable only in circumstances where alterations in weight did not occur in 
conjunction with suspected alterations in serum cholesterol, or where pre- 
illness weight was accurately known, and it is not certain that it could be used 
except for males of 17-35 years old. 

Cholesterol and outside air temperature. There is one other relation of serum 
cholesterol found in this study which calls for comment. There appears to be 
a relation, plotted in Fig. 3, between the change in outside 9 a.m. air tempera- 
ture from the morning of visit 1 to the morning of visit 2 and the individual’s 
change in cholesterol level from one visit to another. The relationship is an 
inverse one—as outside temperature falls cholesterol rises. The temperature 
changes were grouped into three lots, —6° F. downwards, under 6° F. either 
way and +6° F. upwards, and the means for the serum cholesterol change in 
each group were found to be +7-08, +5:38 and —11-38 mg. Analysis of 
variance gives these means as significantly different (P =0-02). The regression 
of the best-fitting straight line for these data is just at the border-line of signi- 
ficance (P=0-05); it seems quite possible that the regression is curvilinear, 
though the departure from a straight line does not quite reach significance in 
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this data. Consequently in Fig. 3 no line has been put in; the three group means 
are indicated by solid squares. 

There was no significant relation between outside temperature and serum 
cholesterol for different individuals on either first or second occasions. : 


40 | 


Change in serum cholesterol (1st-2nd) (mg./100 ml.) 


-15 0 5 10 15 20 
Change in outside 9 a.m. air temperature (1st—2nd) °F. 
Fig. 3. Relation of change in serum cholesterol concentration between first and second tests to 
change in outside 9 a.m. temperature. Symbols see text. 


Oral and rectal temperature and physique 


There seems little to choose between oral and rectal temperatures for relating 
to physique and other variables. Both are about equally reliable; perhaps oral 


a trifle more so. The correlation between them was almost identical on the two 
occasions, being 0-803 on the first and 0-791 on the second. The average of the 
readings on each of the two occasions was used as the figure for each individual. 
The mean of these average figures for oral temperature was 98°09° F. and for 
rectal 98-80° F.; the standard deviations were 0-417 and 0-423° F. The rectal- 
oral mean difference was 0°71 + 0-040° F. There was no significant change of 
either temperature with time of day within the restricted hours of the experi- 
ment, 10-30 a.m. to noon, and no relation between oral temperature difference 
from one occasion to the other and outside air change. The relations between 
oral and rectal temperatures are examined more closely in the accompanying 
paper ,ianner, 1951 a). 

There is no significant association between any of the three somatotype 
components or leptosomic factor and body temperature, the correlations with 
average oral temperature being endomorphy 0-00, mesomorphy 0-06, and ecto- 
morphy 0-15. This is somewhat in opposition to the result of a previous study 
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(Tanner, 1947) where a positive relation with ectomorphy and mesomorphy, 


ies the three somatotype components. Previously a small correlation of border- 


is discussed in the accompanying paper (Tanner, 1951 a). 


_ consistent differences have been found. It is clear that the cholesterol content 
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the former being the greater, was found. The disagreement is not great, however, 
in that in this study the regression of temperature on ectomorphy with its 
standard error is 0-428 + 0-416° F. per unit whereas in the older study it was 
0-114 + 0-044° F. per unit and these two are not significantly different. 


Physique, respiratory rate and heart rate 
There were no significant relations between respiratory rate or heart rate and 


line significance was found between respiratory rate and endomorphy and also - 
ectomorphy (Tanner, 1944). The lack of relation with heart rate is in line with | 
all the other data on this subject (Tanner, 19495). The correlation between 
heart rate and androgyny score was also insignificant. 


Relations between physiological variables : 
There were no significant correlations between any pair of the physiological 
variables measured except for body temperature and heart rate. This relation- 


‘DISCUSSION 


Serum cholesterol level. The literature to 1943 on factors affecting serum 
cholesterol level in man is very adequately covered by Weinhouse’s (1943) 
review. The average serum concentration for the subjects of the present study, 
190 mg., agrees closely with previously reported values for similar groups where 
the same technique, or an equally adequate one, has been used for cholesterol 
determination. The standard deviation of 29 mg. is also at the expected level. 

Interest in serum cholesterol has recently increased a great deal, chiefly 
because of the supposed relation to atherosclerosis, and as a result four major 
surveys of cholesterol levels in healthy men have been published simultaneously 
in the last few months. The relevant data from these and from the present paper 
are given in Table 3, With the exception of Kornerup (1950), all these studies 
used either the Bloor or the Schoenheimer-Sperry method, between which no 


of serum increases with age, at least up to about 60 years; Keys’s data (1949) 
indicates that after 60 years there is a decline. Hence the tabulation of age 
range, mean age, regression of cholesterol on age over the range reported, and 
the final column, cholesterol adjusted by the regression to the age level of 
22 years. The figures agree rather well, except that Keys’s material has a 
significantly lower mean that the others, and a somewhat higher regression 
coefficient. The reason for this is not certain, but a possible explanation might 
lie in differences in physique between this and the other groups: the Minnesota 
students probably had a high proportion of North Scandinavian stock amongst 
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them, and perhaps as a group were lower in endomorphy. Besides the reports 
given in Table 3, there is also a study by Peters & Man (1943) giving a mean of 
194 mg, for seventy-nine healthy men aged 20-650 and studies on smaller groups 
of normals by Foldes & Murphy (1946) and Morrison, Gonsales & Hall (1949). 


Taste 3. Total serum cholesterol of healthy men: comparison of recent data 


Mean 
cholesterol 
No. of Pan age on age cholesterol cholesterol to age 22 | 
Author Material subjects (yr.)  (yt.) (mg./100 ml./yr.) (mg./100 ml.) (mg./100 ml.) (mg./100 
Keys, Mickelsen, Minnesota 1047 17-30 22 2-29 +0-18 179 34 179 
, Hayes & 
Todd (1950) from to (over range 
material of 1492 17-45) 
students) 
Peeler, be Illinois students 72 19-27 22 _ 189 34 189 
Jung 1950) 
Tanner (this British medical 46 18-36 8 22 1-68 +1-01 190 29 190 
paper) students 
Kornerup (1950) Danish hospital 54 19-54 30 1-60 +0-70 203 42 190 
Gertler, Garn & Boston factory 146 «20-50 38 = 1-7 approx. 225 43 198 approx. 
Bland (1950) employees 


One point must be made clear about the age changes; all those so far reported 
are from cross-sectional studies, that is studies in which each different age 
group consists of different people. They do not tell us whether everybody 
increases his serum cholesterol by about 2 mg./100 ml./yr. from 17 to 45 or to 
60, or whether some people increase by a great deal more than this and some 
not at all; nor do they tell us whether some people increase early and some 
later, or everybody just gradually. Both distinctions may well be important 
in relation to atherosclerosis. Longitudinal studies, where the same individuals 
are followed from year to year, are needed to clarify this issue, but longitudinal 
studies are costly, administratively difficult, and invariably incomplete owing 
to some people’s incapacity to stay in the same place all their lives. Cholesterol 
levels here are a particular example of a general problem which confronts all 
studies of human growth; it seems that some form of mixed cross-sectional and 
longitudinal study is the only possible approach, and the biometrical methods. 
for obtaining standards for yearly increments from such studies and for their 
use in detecting early abnormality have been given at length elsewhere (Tanner, 
19516). One aspect of the data now under discussion may point to a relatively 
wide variation in cholesterol increment with age. It will be noticed in Table 3 


that the larger age groups have higher standard deviations, and the data of 


Keys, Mickelsen, Miller, Hayes & Todd (1950) shows an increasing variance as. 
the mean increases with each age group to 60 years. This is a familiar pheno- 
menon in physical measurements during adolescence, when increments occur: 
at different times in different individuals. : 
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_ view of the considerable positive skew present in distributions of body weight 
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As for the distribution of cholesterol, Keys (1949), and Keys et al. (1950) 
found no significant departure from the Gaussian curve with restricted age 
groups, but that when all age groups were combined, the distribution was 
platykurtic, that is, it had a broader peak and shorter tails than the Gaussian 
curve. Unfortunately no figures are given, so one cannot tell whether any 
tendency exists towards increasing positive skewness at the 30-60 age groups, 
which might be expected if age increments were not normally distributed. 
That there is also no trace of skewness in the present data is of some interest in 


and other anthropometric dimensions into which subcutaneous fat enters, and 
the very marked skew of subcutaneous fat itself. If the physiological factors, 
such as hormones, controlling cholesterol level are relatively few in number it 
seems they must all be themselves normally distributed; or else the number 
of controlling factors must be very large. 

Cholesterol and physique. The relation between serum cholesterol level and 
physique was first described by Miassnikow (1927) and soon afterwards con- 
firmed and extended by Tschernorutzky (1929). As a means of ee 
physique both used Pignet’s index, 


Height (cm.)—chest girth at expiration (cm.) ue weight (kg.) 


which roughly places people along a thin-thick scale, but is now seldom used. 
Both found the thick people to have higher serum cholesterols than the thin. 
A further study is that of Gildea, Kahn & Man (1936), wherein thirty-eight 
healthy men aged 18-50 years were selected and classified in the typology of 
Kretschmer (1936) as pyknics, intermediates and leptosomes. The pyknics and 
leptosomes were deliberately selected to be near the extremes of build. There 
were twelve pyknics, with an average cholesterol of 230 mg., eight intermediates 
with an average of 203 mg. and eighteen leptosomes with an average of 168 mg. 
Similar differences were found in the fatty acid serum level, both in men and 
women. Kornerup (1950), using Strémgren’s index to divide his material into 
pyknics, intermediates and leptosomes, arrived at the same result, and, in 
addition, showed the physique relationship not to depend on age. He divided 
his subjects into young (19-46 years) and old (50-82 years), and found an 
average cholesterol of 197 mg. for the twenty-two young leptosomes compared 
with 212 mg. for nineteen young pyknics; and an average of 216 mg. for nine 
old leptosomes compared with 241 mg. for thirteen old pyknics. 

The classifications of physique used by these authors are somewhat confusing, 
however, and though it was obvious from their work that some relation between 
build and cholesterol exists, it was not possible to see whether the relation is 
primarily with the component now known as endomorphy or with the muscular 
element of bodily thickness, mesomorphy. That the relationship appears to be 
exclusively with the former has already been reported (Tanner, 1949q); 
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them, and perhaps as a group were lower in endomorphy. Besides the reports 
given in Table 3, there is also a study by Peters & Man (1943) giving'a mean of 
194 mg. for seventy-nine healthy men aged 20-50 and studies on smaller groups 
of normals by Foldes & Murphy (1946) and Morrison, Gonsales & Hall (1949). 


Tasxe 3. Total serum cholesterol of healthy men: comparison of recent data 


Mean 
cholesterol 
Mean Mean 8.D, adjusted 
No.of range age on age cholesterol cholesterol to ni 22 | 
Author Material subjects (yr.) . (yz.) (mg./100 ml./yr.) (mg./100 ml.) (mg./100 ml.) (mg./100 
Keys, Mickelsen, Minnesota 1047 22 2-29 +0-18 179 34 179 
Todd (1 from tot | (over range : | 
material of 1492 17-45) 
students) 7 
Peeler, a, Illinois students 72 19-27 22 —_ 189 34 189 
& 
Jung (1950) , 
(this British medical 46 18-36 22 1-68 +101 190 29 190 
) students 
Kornerup (1950) Danish hospital 54 19-54 30 1-60 40-70 203 42 190 
Gertler, Garn n factory 146 620-50 38 approx. 225 43 198 approx. 


One point must be made clear about the age changes; all those so far reported 
are from cross-sectional studies, that is studies in which each different age 
group consists of different people. They do not tell us whether everybody 
increases his serum cholesterol by about 2 mg./100 ml./yr. from 17 to 45 or to 
60, or whether some people increase by a great deal more than this and some 
not at all; nor do they tell us whether some people increase early and some 
later, or everybody just gradually. Both distinctions may well be important 
in relation to atherosclerosis. Longitudinal studies, where the same individuals 
are followed from year to year, are needed to clarify this issue, but longitudinal 
studies are costly, administratively difficult, and invariably incomplete owing 
to some people’s incapacity to stay in the same place all their lives. Cholesterol 
_ levels here are a particular example of a general problem which confronts all 
studies of human growth; it seems that some form of mixed cross-sectional and 
longitudinal study is the only possible approach, and the biometrical methods. 
for obtaining standards for yearly increments from such studies and for their 
use in detecting early abnormality have been given at length elsewhere (Tanner, 
19516). One aspect of the data now under discussion may point to a relatively 
wide variation in cholesterol increment with age. It will be noticed in Table 3 


that the larger age groups have higher standard deviations, and the data of 
Keys, Mickelsen, Miller, Hayes & Todd (1950) shows an increasing Variance as. 


the mean increases with each age group to 60 years. This is a familiar pheno- 


menon in physical measurements during adolescence, when increments occur: 


at different times in different individuals. 
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As for the distribution of cholesterol, Keys (1949), and Keys et al. (1950) 


found no significant departure from the Gaussian curve with restricted age 


groups, but that when all age groups were combined, the distribution was 
platykurtic, that is, it had a broader peak and shorter tails than the Gaussian 
curve. Unfortunately no figures are given, so one cannot tell whether any 
tendency exists towards increasing positive skewness at the 30-60 age groups, 
which might be expected if age increments were not normally distributed. 
That there is also no trace of skewness in the present data is of some interest in 
view of the considerable positive skew present in distributions of body weight 
and other anthropometric dimensions into which subcutaneous fat enters, and 
the very marked skew of subcutaneous fat itself. If the physiological factors, 
such as hormones, controlling cholesterol level are relatively few in number it 
seems they must all be themselves normally distributed; or else the number 
of controlling factors must be very large. 

Cholesterol and physique. The relation between serum cholesterol level and, 
physique was first described by Miassnikow (1927) and soon afterwards con- 
firmed and extended by Tschernorutzky (1929). As a means of —-! 
physique both used Pignet’s index, 


Height (cm.)—chest girth at expiration (cm.)—body weight (kg.) 


which roughly places people along a thin-thick scale, but is now seldom used. 
Both found the thick people to have higher serum cholesterols than the thin. 
A further study is that of Gildea, Kahn & Man (1936), wherein thirty-eight 
healthy men aged 18-50 years were selected and classified in the typology of 
Kretschmer (1936) as pyknics, intermediates and leptosomes, The pyknics and 
leptosomes were deliberately selected to be near the extremes of build. There 
were twelve pyknics, with an average cholesterol of 230 mg., eight intermediates 
with an average of 203 mg. and eighteen leptosomes with an average of 168 mg. 
Similar differences were found in the fatty acid serum level, both in men and 
women. Kornerup (1950), using Strémgren’s index to divide his material into 
pyknics, intermediates and leptosomes, arrived at the same result, and, in 
addition, showed the physique relationship not to depend on age. He divided 


his subjects into young (19-46 years) and old (50-82 years), and found an 


average cholesterol of 197 mg. for the twenty-two young leptosomes compared 
with 212 mg, for nineteen young pyknics; and an average of 216 mg. for nine 
old leptosomes compared with 241 mg. for thirteen old pyknics. 

The classifications of physique used by these authors are somewhat whine, 
however, and though it was obvious from their work that some relation between 
build and cholesterol exists, it was not possible to see whether the relation is 
primarily with the component now known as endomorphy or with the muscular 
element of bodily thickness, mesomorphy. That the relationship appears to be 


_ exclusively with the former has already been reported (Tanner, 1949a); 
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Dupertuis (1949, personal communication), has also found the same, using three 
groups of young men, each group consisting of people extreme in one of the 
three Sheldon components and minimal in the other two. A third study is now 
available, by Gertler, Garn & Sprague (1950), which also confirms these findings. 
These authors, unfortunately, give no regression coefficients, relying on cor- 
relations even though somatotype distributions are known to be considerably 
skewed; however, the correlation of cholesterol and endomorphy on 146 
healthy subjects of mean age 38 years was + 0-26 compared with the figure of 
+039 from the present data, and, if we assume for Gertler’s data the usual 
standard deviation for endomorphy of about 1 unit, the regression of cholesterol 
on endomorphy would be 11 mg. per unit, compared to 10-68 in our data. 
Gertler. and his associates found a negative correlation of cholesterol and 
ectomorphy of —0-18 giving a regression of about —7 mg. per unit compared 
with —7-46 for the present data. No, partial regression is given, but the figures 
make it seem likely that in Gertler’s data as well as in ours the relation with 
ectomorphy disappears when concomitant variation in endomorphy is elimi- 
nated. Only in one item do the two studies seem to differ; there was no signifi- 
cant relation between cholesterol and body weight in Gertler’s group. The 
‘ explanation of this difference may perhaps lie in the difference of ages of the 
two sets of subjects. 

Since one of the elements entering into the rating of endomorphy is sub- 
cutaneous fat, it seemed likely that cholesterol and subcutaneous fat would be 
related, and the result of the present study is borne out by Keys’s preliminary 
report (1949) on his far larger material: sixty-four men, 48-55 years of age, 
with subcutaneous tissue over the abdomen of 9-5—24°6 mm. had a serum 
_ cholesterol of 250 + 5-7 mg., and sixty-three of the same age group and same 
basal metabolic rate, but abdominal subcutaneous tissue of 24-8 — 60-0 mm., had 
a serum cholesterol of 270 +5-3 mg. 

As to whether serum cholesterol is related to endomorphy solely by virtue 
of its variation with subcutaneous fat, it is not at the moment possible to say. 
When the influence of subscapular tissue is held constant in the present data 
there is still a positive partial regression of cholesterol on endomorphy, but it 
falls below the level of significance and scarcely helps the issue forward. The 
control of serum cholesterol level in the healthy human is not at all under- 
stood; it is independent of dietary intake of cholesterol (Keys, 1949; Gertler, 
Garn & White, 1950) or fat (Consolazio & Forbes, 1946; Weinhouse, 1943), 
over the ordinarily encountered ranges of diet. Certain hormones affect serum 
cholesterol level, at least experimentally. Thyroidectomy is well known to 
increase it in man, but there is no report of the covariation or lack of it between 
cholesterol and serum precipitable iodine, a measure of circulating thyroid 
hormone, in healthy people. Peters & Man (1950) have studied the relationship 
in individuals with thyroid disease, and their data appear to show some relation 
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between the two variables over the normal range of serum iodine, into which 
treatment had temporarily or permanently moved their patients. Hyper- 
thyroidism, on the other hand, is without effect on serum cholesterol: over the 
whole range, including abnormals, the regression of cholesterol on serum 
iodine is strongly curvilinear. Keys (1949), in his normal group aged 48-55 
years, found an inverse relationship between cholesterol and basal metabolic — 
rate, but Peeler e¢ al. (1950) found no correlation whatever in a carefully studied 
homogeneous age group covering 19-27 years. It may be that the level of 
circulating thyroid hormone influences the serum cholesterol level in healthy 
people, but this is certainly not proved beyond dispute. As to how much,of the 
between-individual variability in cholesterol se be due to difference in 
thyroid function, we have no idea. 

The second endocrine gland which may ioe normally induenes serum 
cholesterol is the adrenal cortex. At present the literature is still confused as 
concerns the human, but it seems probable that 11-oxysteroids such as corti- 
sone raise the cholesterol in healthy people, though adrenocorticotrophic 
hormone, at least in large doses, lowers it; in some disease states, this latter 
effect is reversed (Conn, Vogel, Louis & Fajans, 1950; Aldersberg, Schaeffer & 
Drachman, 1950). Since an excess of 11-oxysteroids as in Cushing’s syndrome 
is associated with the deposition of subcutaneous fat and perhaps water, and 
the therapeutic administration of cortisone may cause a similar deposition, it 
is tempting to suppose that the cholesterol-fat relationship is mediated by this 
hormone. However, the 24 hr. excretion of 11-oxysteroids is much less stable 
in a given individual than is the serum cholesterol level, and it is not yet known 
how much of the between-individual differences in 11-oxysteroid level and 
excretion is due to transitory environmental factors and how much to more 
stable constitutional causes. Until this is clear, the question as to whether an 
individual’s usual level of 11-oxysteroid excretion, supposing such to exist, 
influences his cholesterol level has to remain uninvestigated. 

_ Perhaps the relationship of cholesterol and physique could be phrased in the 

following fashion. There exists constitutionally a component of physique, 
endomorphy, which is present in all people, but in varying amount. The 
presence of this component is recognised by a large complex of signs relating 
to the shape of the individual considered: for example, a chest skeleton which 
is particularly deep in relation to height and breadth and has a large costal 


Te angle, limb bones narrow in relation to limb breadths, abdominal volume pre- 


_ dominating over thoracic volume and so forth. One of this complex of signs is 

- the presence of a relatively evenly distributed subcutaneous fat layer of 

sufficient magnitude to cause the individual to look smooth and rounded 

throughout the body, without muscles or bony prominences showing in relief. 

The degree of endomorphy can be assessed accurately by a skilled observer 

when the subject is 18, and measured objectively on Sheldon’s — i: this 
PH. OXV. 
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time; probably a very experienced investigator can rate an individual correctly 
(that is predict his 18-year-old status without error) during childhood, from 
about 5 years onwards. It is the experience of workers in this field that in years 
subsequent to the 18-year-old rating individuals put on fat chiefly in proportion 
to their complement of endomorphy; exact figures are unavailable however, 
and likely to remain so for some time yet. It seems very likely then that the 
endomorphic physique component underlies both the cholesterol and the sub- 
cutaneous tissue relationships; certain people, who can be recognized, have 
certain physiological mechanisms,-which we know next to nothing about, 
causing them to have relatively high serum cholesterol values and relatively 
much subcutaneous fat, and to increase their subcutaneous fat and very 
probably their cholesterol too, as they get older. Other people, those low in 
endomorphy, have little subcutaneous fat, low serum cholesterol concentration 
and no tendency to put on weight as they grow older, even in the face of 
dietary stuffing which would inflate those high in endomorphy to unmanage- 
able proportions. If it is the adrenal cortex which controls the cholesterol and 
fat levels then those high in endomorphy must have an adrenal cortex more 


active in one direction than those low in endomorphy, or possess tissue mechan- 


_ isms more sensitive to the effect of a particular adrenal hormone. Heinbecker, 
White & Rolf (1944) have produced evidence that dogs made obese by hyper- 
phagia following destruction of the paraventricular nuclei have a serum 
cholesterol excessively sensitive to the effect of adrenal cortical extract; and 
perhaps under similar conditions the mechanisms that result in fat deposition 
are also sensitized. 

The lack of relation between cholesterol and androgyny score, or the degree 
of bodily femininity in the male, is interesting, and expected, in the sense that 
men and women do not appear to differ in their mean values (Weinhouse, 1943 ; 
Keys et al. 1950). 

Cholesterol and environmental temperature. There would seem to be at least 
two possible influences on serum cholesterol invoked by a lowering of tempera- 
ture. They work in opposite directions; increased thyroid secretion might 
perhaps, within the normal range, lower the cholesterol, and increased adrenal 
secretion of 11-oxysteroids might increase it. The present data would favour 
the preponderance of the latter effect, unless there is some different explanation 
altogether. Other stresses, such as emotion, also raise serum cholesterol 
(Weinhouse, 1943) though following operations it seems to be lowered (Mann, 
Bettcher, Cameron & Peters, 1946). Serum cholesterol perhaps merits more 
attention than it has yet received from the environmental physiologists. 
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SUMMARY 


1. Serum cholesterol, oral and rectal temperature, and witinn heart na 
respiration rates have been measured twice, with approximately an 8-day 
interval, on forty-six healthy young men whose average age was 22 years. _ 
2. The physique of these men was also assessed, and their heights, weights, 


subcutaneous tissue measurements, somatotypes, leptosomic factor scores and — 


androgyny scores are given. 

3. The week-to-week reliability coefficients of the physiological measure- 
ments are given; they are 0-85 for cholesterol, 0-74 and 0-59 for oral and rectal 
temperature, 0-61 for heart and 0-59 for respiratory rate. | 


4, The mean serum cholesterol is 190-5 mg./100 ml., with a standard devia- 


tion of 28:5 mg.; this is comparéd with other recently reported values for 


similar groups. The distribution of the average cholesterol concentrations of the 
two experimental sessions does not cepatt significantly from the Gaussian ~ 


curve. 


5. There is a statistically significant correlation between serum cholesterol 
and subscapular subcutaneous tissue. A transformation is given which brings 


_ the latter into a Gaussian distribution, and the correlation coefficient with this 
_ transformed subcutaneous tissue value is 0-43. Adjusted for unreliability, the 


correlation is 0-50, indicating a 25°% association between stabilized cholesterol 
values and subscapular subcutaneous tissue. 


6. There is a statistically significant relationship between serum cholesterol 


_ and the endomorphic component of physique, the pdqueaps of cholesterol on 


endomorphy being 10-7 + 3-8 mg. per unit rating. 


7. There is no relation between serum cholesterol ccniceintcaicla and andro- ~ 


gyny score. 

8. A regression equation of cholesterol on height and weight is given for 
predicting cholesterol values in healthy young men. The multiple correlation 
is 0-40, and the use of the equation makes it possible to narrow slightly the 
acceptable normal limits for cholesterol for use in clinical practice. | 


9. ‘There is a statistically significant relation between change in cholesterol 


from the first to the second visit and change i in outside 9 a.m. air temperature 
between the visits. The relation is an inverse one; as air temperature falls, 


cholesterol concentration rises. 
10. The correlation of rectal and oral temperature is 0-80; the mean difference 
0-71 +0-04° F.; no significant association between temperature and physique 


could be demonstrated. | : 
11. There was no significant relation between physique and respiratory rate 
or heart rate. 
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tions were done; and Dr J. 8. Weiner in whose laboratory the students were interviewed. Part of 
the expenses of this investigation were defrayed by the William Hyde Award of the Research 
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THE RELATIONSHIPS BETWEEN THE FREQUENCY OF 
THE HEART, ORAL TEMPERATURE AND RECTAL 
TEMPERATURE IN MAN AT REST 


By J. M. TANNER 
From the Sherrington School of Physiology, St Thomas’s Hospital, London 
(Received 5 February 1951) 


As part of the investigation described previously (Tanner, 1951) resting heart 
rates and rectal and oral temperatures were measured in forty-six healthy 
young men. These data are thought sufficiently interesting to be reported 
separately and examined in a little detail, for although, of course, the relation 
between heart rate and body temperature is very well known in a general sort 
of way, precise statements about it are hard to find. The relationship is also of 
some importance in its own right in constitutional physiology, since both heart 
rate and temperature are relatively constant for a given individual and thus 
serve as unavoidable bricks in any attempt to build up a physiological science 
of individual differences. Differences in resting heart rate between individuals 
depend on various factors, and it is theoretically possible to measure and assign 


to each its proper contribution to the total. Body temperature is one of these © 


factors—indeed, it is probably the most important single one—and it is in- 
teresting to know just how much of heart-rate variability depends on it. 
This paper begins by reporting the course the heart rate follows during the 
first 18 min. after a person lies down. Satisfactory conditions for obtaining a 
stable rate having been established by this procedure, the between-individual 
regressions of this resting rate on rectal and oral temperatures are given. The 
correlation between the two measurements of temperature is also examined. 
It turns out that the between-individual regression of resting heart rate on oral 
temperature is practically the same as the average within-individual regres- 
sion—10 beats rise for each ° F. of fever, as the dictum goes—under changing 
circumstances. There is a discussion as to what conclusions may be drawn 
from this fact, and from the fact, also, that the within-individual regression is 
approximately the same for all or most Mammalia reported, sia the id 
large species differences in resting rate. : 
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MATERIAL AND METHODS 


These have been fully detailed in the previous paper (Tanner, 1951). Briefly, forty-six healthy 
young men aged 18-36 were investigated ; each was seen twice, the average interval between the two 
occasions being 8 days, with nearly all second visits falling within 6-11 days of the first. Each 
subject rested 15 min., then entered the investigator's room. His standing pulse rate was taken, 
and he then lay down on a couch and was told to relax completely for 20 min. The pulse rate was 
recorded every other half minute for 17} min., and at 17} min. rectal and oral thermometers were 
inserted and left in place 34-4 min. All experimente took place between 10.30 a.m. and noon. The 
temperature of the laboratory was maintained between 16} and 20° C., being over 174° C. on all 
except four occasions, and there was no relation found between oral and rectal temperatures and 
laboratory temperature. All the subjects knew the investigator and were well acquainted with the 
laboratory; all but two were medical students. | es 


Heart rate. The heart rate decreased when the subject lay down, following 
the course plotted in Fig. 1. Each reading is the mean for the forty-six subjects, 
and the top curve is from their first visit, the lower curve from their second. 


67 


Heart rate (beats/min.) 
= 


6 
Time, minutes after lying down 


Fig. 1. Mean heart rate of forty-six healthy young men for 18 min. after lying down. Oo-——O, 
on first visit to laboratory ; @——@, on second visit, epproximately 8 days later. 


The standing means, before they lay down, were 77-5 beats/min. the first time 
: and 76-9 beats/min. the second. The shape of the curve in Fig. 1 is of some 
interest, especially as it remains in its first part unchanged by the general 
_ lowering of rate on the occasion of the subject’s second visit. The heart rate 
falls rapidly for about 4 min., and then, having overshot its resting value, is 
brought back to reach a plateau at about 6 min. 

From 6 min. onwards the plateau is maintained on the second occasion, but 
a gradual fall occurs on the first. The regression of heart rate on time from 
6 to 18 min. after lying down is —0-089 + 0-008 beats/min. on the first occasion 
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and 0-020 + 0-016 beats/min., which is insignificantly different from zero, on the 


second. Evidently it takes longer for the heart rate to settle down to its 
resting value on the first than on the second visit; in a previous study, in which 


the subjects made only one visit to the laboratory, a similarly statistically 
significant fall of heart rate was observed between 14 and 17 min. after lying 
down (Tanner, 1944). 

The resting heart rate recorded for cach individual was taken as the average 
of the ten determinations made between 6 and 15 min. inclusive after lying 
down; this is the figure for each individual’s heart rate used for correlating with 
body temperature in the latter part of this paper. In Table 1 is given an 


TaBLE 1, Sources of variation in heart rate measured every minute 
6-15 min. after lying down. Forty-six young men 


First occasion Second occasion 
Degrees of Sum of Mean Sum of Mean 
Source of variation freedom squares square squares square 
Different persons 45 39,619-60 880-44 27,548-40 612-19 
Different times 9 31-88 3-54 13-40 1-49 
Residual 405 2,078-92 5:13 2,135-00 5:27 
Total 459 41,730-40 29,696-80 


analysis of the sources of variation entering into these ten readings, on the first 
and second occasions. It will be seen that the variation due to different in- 
dividuals is by far the largest source on each occasion, and the variation in 
each particular individual due to the passage of time is much smaller. Indeed, 
in neither instance is the time contribution significant when tested against the 
residual mean square; on the first occasion it is the 16 and 17 min. values which 
make the regression on time significant. The estimate of between-person 
standard deviation, obtained from Table 1, is on the first occasion 9-35 beats/ 
min., and on the second occasion 8-17 beats/min. The reduction in the between 
person variability is best followed in the more detailed analysis of variance 
given in Table 2. This is a three-way analysis of the whole forty-six individuals 
x 10 times x 2 occasions = 920 heart-rate readings. It is laid out in the usual 


way, with the main effects due to different persons, different times and different 


occasions first, then the first-order interactions, such as persons x occasions, 
and lastly the second-order interactions. When the first-order interactions are 
tested against the second-order interaction mean square used as error, two are 
significant. A considerable portion of the total variance comes from the per- 
sons x occasions interaction, which is significant beyond the 0-1% level. In 
other words, these forty-six persons do not react homogeneously to the change 
from first to second occasion; some are more affected than others by the 
repetition of the experiment. The persons x times interaction is also significant, 
though contributing considerably less to the total variance; and this signifies 
that some of the forty-six individuals had less steady heart rates over the 
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10 min. than did others. Of the main effects, the between-person contribution 
to the total variance is of course highly significant, being more than all other 
sources combined. The variance due to different occasions, however, when 
tested against the person x occasion interaction, is not significant. There is no 
evidence for a homogeneous drop in heart rate from one occasion to another 
irrespective of persons; the reduction in heart rate seen in Fig. 1 is due to some 
persons lowering their rates, others not doing so. Thus the between-person 
scatter of the values is less on the second occasion than on the first (see Table 1). 


TABLE 2. Sources of variation in 920 determinations of heart rate: 46 persons x 10 times, 
| 6-15 min. after lying down, x2 occasions, 8 days apart 


Degrees of Sum of Mean 
Source of variation freedom squares square 
Main effects: 
Persons 45 53,820 1,196-00 
Times 9 12 1-33 
Occasions 1 336 336-00 
First-order interactions | 
Persons x Times 405 2,312 &71 
Persons x Occasions 45 13,348 296-62 
Times x Occasions 9 36 4:00 
Second-order interaction 
Persons x Times x Occasions 405 1,900 4:69 
Total 919 71,764 
f 296-62 
Test of first-order interactions: Persons x occasions, F = 460 =63-25; P<0-001. 
Persons x times, P<0-05. 
4-69 
Test of inain effects: Persons, =4.08; P<0-001. 
_ 336-00 
Occasions, 7) 13; P>0-10. 


Some of the persons with unsteady heart rates the first time had steadier ones 
the second, and thus the between-times scatter is also reduced on the second 
occasion and this is reflected in Fig. 1 in the smaller spread of the points about 
the lower, second-occasion, line. Presumably the greater scatter on the first 
occasion is psychogenic in origin, individuals varying in the composure which 
they could summon up to meet this cardiovascular test, despite their familiarity 
with the investigator and his laboratory. Since the second visit of one man 

overlapped the first visit of another, laboratory temperatures and outside 
weather were comparable on both occasions. 

Considering now the resting heart rates (that is, the 10-determination 
averages for each individual) the mean figure for the group on the first occasion 
is 62°8+1-39 beats/min., and on the second occasion 61-6 + 1:15 beats/min. 
The standard deviations are 9-4 and 7-8, The correlation between the values on 


first and second occasions has been discussed in the previous paper (Tanner, 
1951); it is 0-60, 
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Rectal and oral temperatures. The raw data for rectal and oral temperatures 
and for resting heart rate will be found in the previous paper (Tanner, 1951). 
In Table 3 is an analysis of the sources of variation entering into the two 
determinations of both rectal and oral temperatures. By far the largest 
variation is due to differences between persons; in other words a given in- 
dividual maintains a relatively constant temperature over this 8-day period. 


TaBLE 3. Sources of variation in rectal and oral temperature. Forty-six young 
men; two determinations on each, approx. 8 days apart 


Rectal temperature Oral temperature Rectal x oral 


——, temperature 
Degrees of Sum of Mean Sum of Mean Sum of 

Source of variation freedom squares square = squares square products 

Different persons 45 13-14 0-2920 14-00 0-3111 11-45 

Different occasions 1 0-11 0-1100 0-18 0-1800 0-13 

Residual 45 334 (00742 0-0440 1-45 

Total 91 16-59 16-16 | 13-03 

Temperature in ° F. above 90° F. 


The reliability coefficients are rectal 0-58 and oral 0-73; these do not differ 
significantly. The mean rectal temperature for the forty-six individuals on the 
first occasion was 98-83° F’. and on the second 98-76° F.; these figures also do 
not differ significantly. The corresponding standard deviations were 0-408 and 
0-447° F. The mean oral temperatures on the two occasions were 98-13 and 
98-04° F., and the differences between these lies just beyond the 5% level of 
significance (as can be seen by testing the mean square for different occasions 
against residual mean square in Table 3). The standard deviations were 0-442 
and 0-399° F. The rectal-oral difference was 0-70 + 0-039° F. on the first occasion 
and 0:72 +0-041° F. on the second. Pooling the two occasions, despite some 
reservations concerning the propriety of doing this with oral temperature, we 
have overall means of 98-80 + 0-062° F. for rectal and 98-09 + 0-061° F. for oral 
temperature, with standard deviations of 0-423 and 0-417° F., and a difference 
of 0-71 +0-040° F. It will be seen in Table 3 that the residual or ‘error’ mean 
square is considerably greater for rectal temperature than it is for oral; the 
difference is not quite significant and may perhaps be due to chance sampling, 
but, if not, seems likely to be ascribable to the rectal thermometer not having 
been properly placed on one or two occasions, there being one or two suspici- 
ously low readings. The estimates of pure between-persons standard deviations, 
with within-persons variance removed, are 0-330° F. for rectal and 0-365° F. 
for oral. 

The between-persons regression and correlation coefficients for rectal and 
oral temperatures are obtained from Table 3. The correlation coefficient is 
0-843, indicating that 71% of the between-individual variation of one tempera- 
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ture is associated with variation in the other. The regression coefficients are 
0-817 +0-083, and 0-871 + 0-083, and the regression equations 

Rectal temperature (° F’.) =0- ‘817 oral temperature (° F.)+ 18-66. 
| temperature F. )=0-871 rectal temperature (° F.)+12-04. 


Recta 
1000-— 
is 
3 
§ 
70 975 98-6 39-0 99-5 


Oral temperature (°F.) 


Fig. 2. The relationship between rectal and oral temperature in forty-six healthy young men. 
Temperatures taken simultaneously on each of two occasions approximately 8 days apart; 
@, first occasion; ©, second occasion; ——., regressions unadjusted for unreliability of 
measurement, r=0-843; - - - - -, adjusted regressions, r=0-919. : | 

These regressions are illustrated by the solid lines in Fig. 2; the solid circles 

there represent readings taken on the first occasion and the hollow circles 

readings taken on the second. The standard errors of estimate of the two 

regression equations are 0-226 and 0-203° F. respectively. The figures for the 

two occasions are consistent, there being no significant difference in regressions 
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or correlations from one time to another. There is no wibarenee that the regression 


is anything but rectilinear. 


Since hoth these variables are subject to unreliability, hinrever; these | 


regressions and the correlations are all somewhat too low (Tanner, 1951). The 
values for stabilized ‘true’ oral and rectal temperature telationships, calculated 
as in the previous paper are: correlation coefficient 0-919, regression of rectal 
on oral 0-833, oral on rectal 1-014. The two adjusted regressions are indicated 
by the short broken lines in Fig. 2; notice that the regression with rectal 
temperature as independent variable has changed more than the other, since 
the error of measurement of rectal is somewhat greater. The correlation 
coefficient now indicates that 84° of the variability of stabilized or ‘true’ oral 
temperature is associated with changes in rectal temperature and vice versa, 
an increase of 13% over the unadjusted value. The correlations on the single 
occasionswere 0-803, and 0-791, regressions rectal on oral 0°742 and 0- 885 ; 
oral on rectal 0-869 and 0-707. ge 

There was no significant change of either rectal or oral temperature with 


“time of day during the restricted hours of the experiment, 10.30 a.m. to noon. 


There was also no relation between the differences in oral temperature from 
one occasion to the other and the concurrent difference in outside air tempera- 
ture. When an individual’s rectal temperature rises from one’ occasion to 
another, his oral temperature tends also, as would be expected, to rise, and the 
coefficient of correlation between the rectal session 1 to session 2 differences and 
the oral differences is 0-56. The actual rectal-oral gradient, however, is not very 
closely maintained constant during this general rise or fall, and the coefficient 
of correlation between the individual's rectal-oral differences at session 1 and 
the same at session 2 is only 0-27. 

Heart rate and temperature. The covariance sainleses of heart rate and oral 
and rectal temperature are given in Tables 4 and 5. Neither regression has a 
significant departure from linearity. The between-individual correlation of 


heart rate and oral temperature is 0-565, variation in one being 31% associated 


with variation in the other. The regression coefficient of heart rate on oral 
temperature is 11-01 + 2-45 beats/min. per ° F., the equation being ~ 
| Heart rate/min, = 11-01 oral temperature (°F.) — 1017-77. 

The standard error of estimate is 5-20. The relation is plotted in Fig. 3, solid 


circles representing first occasion, hollow circles second occasion, and the solid 
line the regression. 


The estimates for regression and correlation between the stabilized or ‘true’ 


values, when the effect of unreliability is removed, are 11-47 and 0-620. In 
Fig. 3 this regression is represented by the short broken line. 

- The between-individual correlation of heart rate and rectal temperature is 
0-402, giving 16% of the variation in one associated with variation in the 
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other. The regression coefficient of heart rate on rectal temperature — 80 
beats/min. per °F., the equation being 

| Heart rate/min. =8-15 rectal temperature (°F.) —742-98. 

The standard error of estimate is 5:16. The relation is plotted in Fig. 4, solid 
circles representing first occasion, hollow circles second occasion, and the solid 
line the regression. When the effect of unreliability is removed, the estimates 
for stabilized value relationships are 8°63 for the regression coefficient and 
0-424 for the correlation coefficient. In Fig. 4 the short broken line represents 
the adjusted regression. | 


determinations of each variable on forty-six individuals 


Degrees of Sum of squares Sumof  squaresoral 
Source of variation freedom heart rate products § temperature 


Persons 45 5, 406-74 154-16 14-00 
Occasions 1 34-09 2-49 0-18 
Residual 45 1,325-91 15-66 1-98 
Total 91 6,766°74 172-31 16-16 


Temperature in ° F. above 90° F. 


Between-persons regression, heart rate on temperature: unadjusted 11-01 + 2-45, _2caneagiim 
Between-persons correlation: unadjusted 0-565, adjusted 0-620. 


Taye 5, Covariance analysis of heart rate and rectal temperature. 
Two determinations of each variable on forty-six individuals 
Sum of 


Degrees of Sum of squares Sumof squares rectal 
Source of variation freedom heart rate products § temperature 


Persons 45 5,406-74 107-12 13-14 
Occasions 34:09 0-11 
Residual 45 1,325-91 : 21-36 3-34 
Total 91 6,766-74 130-37 16°59 


Temperature in ° F. above 90° F. 
Between-persons regression heart rate on temperature: unadjusted 8-15 + 2-80, — 
Between-persons correlation: unadjusted 0-402, adjusted 0-424. 


DISCUSSION 


Heart rate. The average resting heart rates of 62-8 on the first occasion and 
61-6 on the second are at the usual level for healthy young men. Comparable 
series give 61-3 (Tanner, 1949), 61-4 (Boas & Goldschmidt, 1932), 61-3 (Harris & 
Benedict, 1919) and 63-8 (Graybiel, McFarland, Gates & Webster, 1944). The 
standard deviations of 9-4 and 7-8 on first and second occasions are also at the 
expected level, the first three of the series cited giving figures of 8-2, 8-2 and 6-7 
respectively. The present data allow us to make an estimate of the betweem 
person variability of the ‘true’ or stable figures, when the effect of unreliability 
of measurement is removed (Tanner, 1951), and this has the standard deviation 
6-73; this is the standard deviation we could expect to find in young men at. 
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rest if we could measure heart rate without error, and had achieved sufficient 


_ stability in our subjects so that no small casual fluctuations were — 


either from one minute to another or from one week to another. 


970 97-5 98-0 99-0 995 
Oral temperature (°F.) 
Fig. 3. The relationship between heart rate and oral temperature in forty-six healthy young men 
_ at rest. Each individual measured on two occasions approximately 8 days apart; @, first 
occasion ; 
r=0-565; ----- adjusted regression, r = 0-620. 


The fall in heart rate after lying down, illustrated in Fig. 1, is a well-known 
phenomenon, at least in its general aspects. The overshooting of the final 
resting value is seen more clearly on the second occasion than on the first, as 
would be expected if it was a physiological response somewhat masked the first 
time by the irregularity of the pulse due to psychogenic causes. On the second 
occasion there is little question that it is not merely a chance effect; the 
differences between the 3 and 4 min. heart rates and the average of the 6-15 


: 


0) 
80 ay 
4 
4 
4 
7. 
all 
* °oe 
“4 ° 
¢ Lo 
“49 
¢ oe@08 
sO 
> 
| 


J. M. TANNER 
min, rates is significant at the 2% level. The mechanism of the overshoot is not 


clear; but an oscillation of this sort. is typical of all feed-back regulatory — 
mechanisms such as must be supposed to be operating in the body; the same 


Heart rate (beats/min.) 


97-5 98:5 99-0 100-0 
Rectal temperature (°F.) 3 
Fig. 4. The relationship between heart rate and rectal temperature in forty-six healthy young men 
at rest. Each individual measured on two occasions approximately 8 days apart; @, first 
occasion; Q, second occasion; ———, regression unadjusted for unreliability of measurement, 
r=0-402; ----- , adjusted regression, r = 0-424, 


phenomenon is seen after cessation of exercise both in heart rates (Bena & 
Fiser, 1947) and in blood flow through the calf (Barcroft, McClatchey, Shepherd 
& Tanner, unpublished). It is interesting to compare the behaviour of the heart 
rate with that of the blood pressure under similar circumstances, and in Fig. 5 
is given the blood-pressure curve for a group of fifty-three students treated in 
almost exactly the same way as the present experimental subjects (Tanner, 
1944). The blood pressures were taken by the auscultatory method of Korotkoff 
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immediately after lying down, after 5 and 10 min., and then every } min. 
between 16 and 20 min. The solid squares in Fig. 5 represent values obtained 


by Shock & Ogden (1938) in a very similar experiment. Systolic pressure falls — 


in a regular fashion, but more slowly than does heart rate (the time scales of 
Figs. 1 and 5 are the same) and appears to have scarcely reached a steady value 
by 20 min. The data are insufficient to determine for certain whether an over- 
shoot occurs for blood pressure, but there seems little indication of one. The 


| 


Change in blood pressure (mm, Hg) 
> 


- 


Time, minutes after lying down 


during 20 min. after lying down. © and @, data from Tanner (1944); with 3 points, m, from 
Shock & Ogden (1938) for comparison. 


diastolic pressure, it will be seen, does not fall; it undergoes no significant change 
until it rises in the latter nine of the ten consecutive readings, and it seems quite 


likely that this rise comes from increased venous pressure in the arm due to 


incomplete drainage between readings. 
The data of Fig. 1 indicate that to get a relatively stable ‘standard’ resting 


heart-rate figure some 15-20 min. must elapse after the subject has lain down. 


Strictly speaking, also, a proper standard figure seems only obtainable on a 


second or subsequent test in the proportion of people who approach the situa- 
tion with some misgiving, and it should be remembered that these people 


existed even amongst medical students who were well acquainted with both 


laboratory and’ ee The first occasion figures do seem to converge on 
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to the second occasion level, however, and probably would be adequate enough 
if a good 20 min. is allowed for the subjects to settle down. 

Rectal and oral temperature. The average figures of 98-80+0-062 and 
98-09 + 0-061° F. for rectal and oral mid-morning temperatures agree fairly 
closely with comparable series on healthy young men. Carmichael & Linder (1934) 
and Linder & Carmichael (1935) give 8-9 a.m. means for twenty-four healthy 
_male physicians and hospital attendants as 98:81 +0-10 and 97:80 +40-07° F. 
Ivy (1945) gives 98-1 + 0-08° F, for the oral temperature of 276 medical students 
at a lecture after breakfast, and an earlier study of 500 prison inmates by — 
Whiting (1915) gave the mean oral temperature taken shortly after lunch as 
98-37+0-01° F. (see also Williams, Bell & Pearson, 1914). The between- 
individual standard deviations of the present series are 0-423 and 0-417° F., 
Ivy’s series 0-4° F. and Whiting’s series 0-486° F. 

It is generally said that the average rectal-oral difference is about 1° F.; our 
figure is 0-71+0-040° F. Carmichael & Linder found a difference of 1-01° F. 
in 8-9 a.m. temperatures and 082° F. in 4-5 p.m. temperatures, figures which 
do not differ significantly. Rectal-oral differences are distributed, it seems, 
normally or nearly so with a standard deviation of about 0-27° F., and so a 
very small percentage of people have oral temperatures habitually above their 
rectal ones; none appears in our sample (though in one case the figures are 
equal), but some do in that of Carmichael & Linder, and also in Stadler’s data 
(1942). In the tropics the average temperature appears to be higher, but this 
oral-rectal difference persists. Renbourne & Bonsall (1946) give the oral tem- 
perature of 894 British and Indian troops in northern India as 98-75 + 0-017° F., 
and Cullumbine (1949) found mean rectal and oral temperatures of 99-87 + 0-020° 
and 98-90 + 0-029° F. in 443 and 463 healthy male Ceylonese students aged 
18-25. 

_ There does not seem to be any suitable report with which to compare our 
between-individual regressions and correlations, though several authors have 
reported within-individual correlations, having taken a series of readings 
on single individuals at different times of the day (Linder & Carmichael, 1935; 
Renbourne & Bonsall, 1946). These latter give the association of rectal and oral 
temperatures in a given individual during the course of the day; the between- 
individual figures indicate how close the association between mid-morning 
temperatures is in a group of individuals. Cullumbine gives a correlation 
coefficient between once-taken rectal and oral temperatures of 0-337 for 100 
individuals, This figure is of quite a different order from the 0-843 of the 
present study. The reason may perhaps lie in Cullumbine’s extraordinarily high 
figure of 0-624° F. for his oral-temperature standard deviation; this is far higher 
than figures from other reports, whereas his rectal-temperature figure of 
0-420° F. agrees closely with other investigators. One cannot but suspect that 
the large. oral variability is due to an increase in residual or ‘error’ rather¢han 
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between-person variance (see Table 3), and is the result of instrumentation 
inaccuracies in persons perhaps not used to having their mouth temperatures 
taken. Whether or not this explanation is actually correct, however, cannot 
be judged, because no figures for reliability are given. 7 

Cullumbine’s paper gives particular emphasis to one of the main points of the 
present discussion. Physiological measurements ate subject to unreliability, 
and unless one uses an experimental design which will assess the amount of this 
unreliability, the use of correlation coefficients to measure the degree of 
association between two variables is anywhere from hazardous to misleading. 
In the present study the single-occasion rectal-oral correlations were 0-803 and 
0-791; the between-persons correlation, and the correlation obtained by taking 
averages of each temperature on first and second occasion is 0-843; the cor- 
relation adjusted for unreliability is 0-919. In using these correlations the 
experimenter as a rule wishes to know what the association is between the 
stabilized or ‘true’ values of each variable and not between the rather different 
and transitory values that measurement error and minor physiological fluctua- 
tions have presented him with. He can oily get at this ‘true’ value association 
if the reliabilities have been measured. The same applies, although with some- 
what less force, to regression coefficients. For theoretical purposes one may 
need the estimate of the ‘true’ value regression. In the present instance the 
regression of oral temperature on rectal is 0-871° F. per °F., leading one to 
suppose that as rectal temperature increases amongst a population oral 
temperature increases somewhat less, and therefore individuals with high rectal 
temperatures have larger rectal-oral differences than those with low rectal 
temperatures. But this effect is due to the unreliability of rectal temperature. 
For stabilized values the regression is 1-014° F. per °F.; in other words the 


_ stabilized values of oral temperature increase a trifle faster than those of rectal, 


and individuals with high body temperatures have, if anything, a slightly 
lower rectal-oral difference. On the other hand, it should be remembered that 
for actual prediction of a value by the regression equation the unadjusted 
coefficients should be used, since the prediction is of an unreliable and not a 
stabilized value. 

_ Heart rate and temperature. There is a fairly close relationship between heart 
rate and oral and rectal temperature. The association with oral temperature is 
estimated in this data as the closer of the two, though the regressions and 


- correlations of heart rate and oral, and heart rate and rectal temperature, do 


not differ significantly. The regression of heart rate on oral temperature of 

11-01 and the correlation of 0-565 are very similar to the figures obtainable from 

the data of a previous study (Tanner, 1949) in which heart rate is the average 

of two determinations taken on fifty students 14 and 21 min. after lying down; 

these data give the regression as 11-6 and the correlation as 0-62. In passing 

it may be remarked that this study showed no correlation between oral 
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temperatures and the resting stroke volume of the heart, as measured by the 
high-frequency ballistocardiograph. 

The differences in resting heart rate which exist between healthy young men 
may be supposed to come from various sources; the temperature of the blood 
perfusing the sino-atrial node, the habitual nervous impulse discharge down 
cardioaccelerator and cardioinhibitor fibres, the composition of the sino-atrial 
node in the sense of its inherent rhythmicity, and the composition of the blood 
perfusing the node, particularly as regards thyroid hormone and adrenaline 
content and possibly pH and potassium-ion concentration. It is not to be 
supposed that these factors are independent; if we could devise an experiment 
measuring them all simultaneously doubtless significant interactions would be 
found. Part of the difference in sino-atrial node composition, for example, is 
likely to reside in differing ability to react to increase in blood temperature. 
But the present results indicate that of all these factors blood temperature, 
considered on its own account and through its interactions, is likely to be the 
most important single influence. Variation in oral temperature between in- 
dividuals accounts for 31% of variation in resting heart rate, or for 38% if the 
stabilized values are considered. 

Admittedly it is conceivable, though with difficulty, that this relationship 
reflects not an association between heart rate and blood temperature, but some 
other link such as vasodilation in the oral mucosa or tongue being habitually 
associated with sympathetic discharge to the heart. If we discount this 
explanation, then we must conclude that the relation of heart rate and actual 
blood temperature is a rather closer one than the relation of heart rate and oral 
temperature, since oral temperature is serving merely as an imperfect guide to 
the temperature of the blood. Probably just about a half of the total between- 
individual variability of resting heart rate is associated with variation in blood 
temperature. 

It seems likely that the relation is mainly one between the heart rate and 
the temperature of the blood perfusing the sino-atrial node; at least this appears 
to be the case for the within-individual effect discussed below. It is certainly 
possible, however, that an increased blood temperature may act partly through 
the nerve supply to the heart, either by increasing cardiac sympathetic tone, 
or by decreasing the vagal discharge rate, the latter most likely through 
lessening the stimulation from the carotid sinus. With regard to the pressor 
mechanism, however, the data of the previous study (Tanner, 1949) give 
correlations between resting heart rate and systolic and diastolic blood pressures 
of 0-12 and 0-14, both of which are quite insignificant. There is, however, a 
highly significant association between systolic blood pressure and oral tempera- 
ture, the correlation coefficient for fifty subjects being 0-38; the correlation of 
temperature with diastolic pressure is 0-14. As in the same data there was no 
correlation between stroke volume as estimated by the high-frequency ballisto- 
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cardiograph and oral temperature (r=0-04), or between stroke volume and 
systolic blood pressure (r=0-16), this effect is presumably a central one, and 
perhaps this argues in favour of the heart-rate effect being partly mediated by 
cardiac sympathetic nerves. The partial correlation between heart rate and 


systolic pressure, when this effect of temperature is kept constant, is —0-16, _ 


still insignificant, though now negative. The possibility theoretically exists that 
an increase of temperature decreases the sensitivity of the sinus, so that, even 
at the same blood pressure, fewer impulses pass up the carotid sinus nerve, but 
the evidence from animal experiments is against this, the effect being in 
directly the opposite sense (Heymans, Bouckaert & Regnier, 1933; Brenning, 


1938). It is also possible that temperature acts by decreasing the reactivity of 


the sino-atrial node to acetylcholine or increasing it to the sympathetic trans- 
mitter. It would be of considerable interest to know what the variability of 
heart rate is amongst a group of fully atropinized individuals and the relation- 
ship with temperature in this case, but such an experiment seems never to have 
been carried out. 

Naturally, the association described applies only to heart rate at rest, and 
the correlation decreases under other conditions. Whiting (1915), for example, 
found a correlation of 0-288 only between heart rate and oral temperature in her 
500 prison inmates, with a regression of 6-56; the mean heart rate was, however, 
74-2 and its standard deviation 11-06, indicating conditions somewhat removed 
from those of the present study. Whiting also gives reliability coefficients for 
heart rate and oral temperature, derived from duplicate measurements on 952 
and 854 persons respectively, the duplicates being taken between 2 and 12 
weeks apart. Because of this time interval one would expect somewhat lower 


coefficients than in the present study; however, the heart-rate reliability — 


coefficient, surprisingly, is 0-64, as high as ours, though that for oral temperature 
is 0-40, considerably lower. If these coefficients are used to adjust the heart 
rate-temperature correlation for unreliability, the stable-value correlation would 


be somewhere between 0-45 and 0-60; in other words, of the same order as that 


given by the present study. The same is true of the regression coefficient, which 
would be considerably increased. 

_ Ten beats rise in heart rate for each degree Fahrenheit of fever is a cherished 
clinical dictum, and if we take it as true, we have the interesting situation 
wherein the between-individual regression of heart rate on temperature, 
amongst a population of individuals each at rest, is the same as the average 
within-individual regression for a single individual under varying circumstances. 
As a tule one expects these regressions to be different, due to factors appearing 
in the changing-circumstances case which were not present in the at-rest one. 
For example, the well-known Liljestrand-Zander formula (pulse pressure/mean 
pressure) predicts stroke volume changes in a given individual under changing 
circumstances fairly well, it'is thought, and was designed solely for this purpose. 
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But applied as between individuals to a population at rest it has no power of 
prediction at all; the regression of stroke volume on pulse pressure/mean pres- 
sure is not significantly different from zero (Tanner, 1950). The most extensive 
study on the within-individual regression of heart rate on oral temperature is 
that of Lyon (1927). His material is somewhat heterogeneous, but his data are 
given in detail, and their statistical treatment is admirable. His two largest, 
groups are seventeen non-fatal lobar pneumonia cases where the individual 
regressions ranged from 5-8 to 15-1 beats/min. per °F. and averaged 8-7, with 
an average correlation of 0-89; and sixteen cases of rheumatoid arthritis given 
peptone injections to cause pyrexia, whose average regression is 10-0 and cor- 
relation 0-91. Bazett (1924), studying the effect of hot baths, found in eight 
subjects that over the body (urinary) temperature range of 98-5-102° F. the heart 
rate rose an average of just 10 beats/° F. To supplement these figures Dr 
K. E. Cooper has kindly given me some unpublished data he collected on three 
healthy subjects given pyrexia by hot baths, two on two occasions each, and 
one on one occasion; one syphilic given two therapeutic malarial pyrexias, and 
one case of essential hypertension given vaccine pyrexias. Significant differences 
are not. present between the various pyrexias of each individual, and so these 
are combined, giving figures for regression of heart rate on oral temperature of 
11-0 + 2:0, 8-9 + 2°3'and 5-1 + 0-9 for the three normals, 3-7 + 0-7 for the malarial 
_ pyrexia, and 12-7 +0-8 for the vaccine pyrexia. 

It will be seen that significant differences in regression exist between dif- 
ferent individuals, and these presumably arise from differences in the reactivity 
of their sino-atrial nodes to increase of temperature or in the changes in nervous 
tone or blood composition caused by temperature increase. On the average, 
however, these differences just about cancel one another out for a group of 
individuals. There seems to be no general reaction to increased temperature 
amongst individuals which would modify its effect upon heart rate, such as a 
reflex common to all, for example, depressing the sino-atrial node when body 
temperature rises. 

Animal experiments favour the hypothesis that these differences in within- 
individual regressions are due chiefly to differences in reactivity of the sino- 
atrial node to temperature. Hamilton, Dresbach & Hamilton (1937) cooled 
intact rats and kittens and found an average regression of heart rate on rectal 
temperature of 10-6 and about 8 respectively between 65 and 95° F., and showed 
that direct application of cold water to the heart produced a similar effect. 
Crismon’s (1944) data on adult rats give a figure of 8-1 for the 60-95° F. range, 
and Fairfield’s data (1948) on infant rats about 11 over the range of 40-100° F. ; 
these very young animals had heart rates of the order of 500/min. at ordinary 
body temperature. For adult guinea-pigs Lutz (1948) found the regression to 
be linear over the range 60-102° F., with a coefficient of approximately 7, and 
Barcroft & Izquierdo’s cats (1981 b) are in rough agreement with this. Kisch 
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(1923) altered the temperature of the coronary vessel blood by anastomosing 
carotid artery and inferior vena cava through a tube which could be heated in 
a water-bath; he gives figures leading to a regression of about 11 beats/° F. 
change for two dogs, and for rabbits the rather aberrant value of 40 beats/° F. 
He showed that section of the vagi or of the sympathetic supply of the heart, 
or of both together did not affect the magnitude of the response and concluded 
that probably no reflexes were involved. Cheer (1928) gives no figures, but 


‘states the heart-rate effect on warming dogs was unaffected by section of the 


vagi, and not due to changes in the pH or CO, content of the blood. Land- 
steiner & Hayes (1943) found the changes in heart rate caused by the infusion 
of saline at varying temperatures into the jugular veins of rabbits and cats were 
unaffected by section of the vagi and sympathetic supply to the heart. Brenning 
(1938) made a very extensive study of these effects, using 155 dogs, anaesthe- 
tized with urethane and warmed by being placed in a hot cabinet. Inspection 


_ of his figures shows that the average regression is about 10-11 beats/° F. over 
the rectal temperature range 97—108° F. This regression does not appear to be _ 


affected by cutting the vagi, the depressor nerves or the nerves from the 
carotid sinus, or by various brain sections; the pre-heating rate in these animals 
was high, however, and little if at all increased by carotid sinus denervation. 

In the face of this work, it would be anticipated that isolated hearts would 
give practically the same regression as intact animals, and such evidence as is 
available points to this being the case (Knowlton & Starling, 1912; Snyder, 
1906; Clark, 1920), So far as can be determined by inspection of the graphs 
and figures, the regressions in the intact animal cases seem to be more or 
less linear over the range considered. However, there has been considerable 
controversy, both in relation to isolated hearts and intact animals, as to 


whether this is really the case, or whether reactivity falls off at the higher — 


temperatures. Crozier (1926; Crozier, Pincus & Renshaw, 1935; Hoagland & 
Perkins, 1935) has in particular championed the view that the relationship is 
not linear but that the logarithm of heart rate varies with the reciprocal of 
absolute temperature, in supposed accordance with the Arrhenius equation. 
Several attempts have been made (e.g. Barcroft & Izquierdo, 193la, 6) to 
distinguish between the two hypotheses, but lack of adequate statistical treat- 
ment prevents any firm conclusions being drawn. 

Besides giving evidence that the differences in individual regressions are 
wholly or largely due to sino-atrial node sensitivity to temperature, the animal 
experiments indicate also that this sensitivity is about the same for man, dog, 
cat, guinea-pig and rat; and this despite the resting heart rates being very 
different in the different species. More biometrically refined experiments would 
perhaps show small species differences amongst the mammals, but they must 
be quite minor; whereas in amphibians the regression is altogether different, 
being approximately 1 beat/° F. increase (Barcroft & Izquierdo, 193la; 
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Taylor, 1931). Differences in resting rate between species depend both on 
nervous tone and on the inherent metabolic rate or sensitivity of the pacemaker. 
Cutting the vagi raises the heart rate in man, the dog and the cat, but is said to 
be without effect in smaller animals such as rat and mouse (Clark, 1927). 
Nervous control is not the chief factor in the species differences, however; 


isolated hearts themselves show nearly as much divergence as intact ones — 


(Clark, 1927). If resting rate reflects by and large the metabolic rate of the 
pacemaker one might perhaps expect that the increment of heart rate/® F. 
temperature rise would be proportional to the resting figure; yet this is not the 


case. Neither for the intact heart, nor for the denervated heart—since the © 


regression is the same for both—can the figures be reconciled with propor- 
tionality, rough and inaccurate though they are. Nor can they be explained on 


the basis of differences of » in the van t’Hoff equation without invoking ~ 


altogether improbable values. Perhaps two systems exist in these hearts, one 
sensitive to temperature change and of about the same character in all or most 
mammals, another relatively insensitive to — change and of an 
activity appropriate to the animal’s size. 


SUMMARY | 
1, Resting heart rate and mid-morning rectal temperature and oral tempera- 
ture have been measured twice, with approximately an 8-day interval, on 
forty-six healthy young men. 


2. Resting heart rate was taken as the average of ten 4 min. determinations 


taken between 6 and 15 min. after the subject lay down; the mean values were 
62-8 + 1-39 beats/min. on the first test, and 61-6 + 1-15/min. on the second test. 
Individuals did not react homogeneously to the changes from first to second 
‘test; some were more affected than others by the repetition, and some had 
significantly less steady heart rates over the 10 min. than did others. 

3. The mean rectal and oral temperatures, pooling the two tests for each 
individual, were 98-80 + 0-062 and 98-09 + 0-061° F. The mean difference was 
0-71 + 0-040° F. The between-individual regressions of rectal on oral and oral 
on rectal temperature are given; the correlation coefficient is 0-843, which on 
adjustment for unreliability rises to 0-919. 

4. The between-individual regression coefficients of resting heart rate on 
rectal and oral temperature were 8-15 + 2-80 and 11-01 + 2-45 beats/min. per ° F. 
rise. The correlation coefficients were 0-402 and 0-565. 

_ 5. The differences in heart rate at rest existing amongst healthy young men 
must come from various sources, but these figures point to the blood tempera- 
ture being the most important single factor, and accounting for perhaps one- 
half of the between-individual variability. 

6. Arguments are presented favouring the hypothesis that hate is no 
general reaction to temperature change common to all individuals tending to 
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modify heart rate upon heating or cooling; also that amongst Mammalia there 
may exist two systems in the pacemaker, one sensitive to temperature change 
and of about the same character in most mammals, and one relatively insensi- 
tive to temperature change and of an activity appropriate to the animal’s size. 


I am greatly indebted to Dr K. E. Cooper for the use of his unpublished data, to Prof. Henry 
Barcroft and to Mr M. J. R. Healy for critical readings of the manuscript, and to Mr R. H. White- 


house for the computations and figures. 
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SIMULTANEOUS MEASUREMENT OF PULMONARY 
ARTERIAL FLOW AND PRESSURE USING 
CONDENSER MANOMETERS 


| By I. G. BAXTER anp J. W. PEARCE | 
_ From the University Laboratory of Physiology, University of Oxford — 
| (Received 7 May 1951) 


Variations in pulmonary arterial pressure, in response to changing intra- 
thoracic pressures and various stimuli, have been frequently recorded in intact 
animals. The significance of these pressure variations 1s difficult to assess unless 
_ the concomitant fluctuations in pulmonary arterial flow are known. This 
report describes the construction and use of an apparatus designed by one of 
us ( I. G. B.) for the simultaneous measurement of pressure and flow in the 
pulmonary artery. The method employs the pressure-drop principle to register 
the velocity of blood flowing past a Pitot tube through a portion of the vessel 
of fixed diameter. Capacitance manometers were chosen to provide an adequate 
frequency response and stable calibration, and electrical correction of the square 
law relating flow to differential pressure has obviated a tedious stage in the 
analysis of records. The results of the combined measurement have been used 
primarily to derive an index of changes in pulmonary vasomotor activity, but 
the method also provides a measure of right heart output. . 


‘There appears to have been no previous measurement of pulsatile flow in the pulmonary artery, 
and only a method whose calibration is not influenced by environmental changes may be applied 
to this vessel. However, the use of the pressure-drop principle with differential manometric 
recording to measure the volume flow in vessels is not new. Cybulski (1885) and Frank (1899) 
described Pitot tubes used for the measurement of blood-stream velocity in various great arteries. 
Later Fleisch (1920) utilized the pressure drop across a tube of uniform narrow bore to measure the 
volume flow of blood in the perfused hind-limb of small animals. Daly (1926) described a differential 
manometer, with a method for converting pressure excursions to voltage variations, for the re- 
cording of the volume flow through a Venturi or Pitot tube incorporated into a vascular system. 
Wagoner & Livingston (1928) constructed a glass Venturi tube and a differential saline manometer 
to measure volume flow in the rabbit aorta. Then Frank (1928) applied his differential membrane 
optical manometer to the simultaneous measurement of stream velocity and pressure in the aorta 
with the Pitot tubes he had previously designed. An ingenious modification reported by Broemser 
(1928a, b) was a differential sphygmograph used to estimate the blood-stream velocity in un- 
opened vessels. Lauber (1928) applied a pressure-drop device to measure volume flow in the aorta, 
and a modified Venturi tube was used for the same purpose by Reissinger (1928), He pointed out 
incidentally that the aorta iteelf is a form of pressure-drop device, as there is a pressure difference, 
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dependent on stream velocity, between its concave and convex sides. Fasold & Hartl (1928) 
estimated coronary arterial flow by subtracting values of blood flow in the ascending aorta, 
determined with a Venturi tube, from those obtained for heart output by the direct Fick method. 


- These workers estimated the random error of the differential manometer method, but did not 


establish the correspondence between the two methods in measuring the same blood flow. Finally, 
Gregg & Green (1940) described a flowmeter incorporating a differential membrane manometer 
which measures the pressure drop across a small orifice included in the course of an artery. These 
authors and their associates have investigated flow patterns in systemic arteries, and changes in 
these flow curves resulting from alterations in vasomotor activity. 


In the study of vasomotor activity changes, the simultaneous measurement, 
of pressure and flow in an artery can yield information about the resistance of 
its vascular bed. For a given moment in a perfused system a quantitative ex- 
pression of the total peripheral resistance can be obtained by dividing the 
pressure value by the concomitant flow value. This expression of resistance will 
not necessarily remain constant if the flow or pressure varies, even if the 
vasomotor activity be unchanged. In fact, as has been emphasized by previous 
workers, a change in resistance may be expected to follow an increase in flow, 
for example, and will be due to a passive increase in total cross-sectional area 
of the vessels and to reduction in the effective viscosity of the blood. The in- 
crease in cross-sectional area will depend on the volume elasticity charac- 
teristics of the vascular bed, and these may be altered by the increase in flow 
rate. The passive ‘capacity’ effects, and the variations in effective viscosity, 
may be largely eliminated if the flow to the vascular bed is kept constant. In 
such a preparation large changes in resistance, following various stimuli, may be 
attributed to alterations in vasomotor tone. Individual readings of pressure/ 
flow, with the changing flows usually found in the intact animal, are obviously 
not comparable as expressions of degree of vasomotor activity. However, over 
a small flow range, a series of pressure readings plotted against corresponding 
flow values will give a roughly linear plot. If the vasomotor activity increases 
and the flow range stays constant, a similar series of points should fall on a line 
with a greater average pressure co-ordinate value and probably an increased 
slope, although any slight deviation from linearity will remain. Results from 
perfused limb preparations used by Green, Lewis, Nicherson & Heller (1944) 
yielded a roughly parabolic relationship between pressure and flow. Following 
changes in vasomotor activity there was a shift of the plotted curve in the 
expected direction. They concluded that the straight lines published by other 
workers, which did not extrapolate through zero, had been derived from data 
chosen from the end of the parabola. These investigators showed that, at 


similar perfusion flow rates, comparisons of the positions of these curves (or of — 


ranges of quantitative resistance units) gave indices of changes of vasomotor 
activity; less consistent results were obtained comparing similar perfusion 


pressures instead. The principle of this method was used in the analysis of — 


results to be described. 
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The application of the above reasoning, based on steady flow experiments on 
systemic vessel preparations, to the study of pulsating flow in the pulmonary 
vascular system, requires justification. There is some evidence that the physical 


_ characteristics of the vessel walls of the systemic and pulmonary vascular 


systems are not grossly different. Values for pulmonary arterial pressure in 
perfused lungs of the dog (Daly, 1938) and of the rabbit (Wagner, 1928), 
plotted against a wide range of steady flow-rate values, have been shown to 


- fall on a line which resembles a parabola. It is probable that, over the range 


of medium flow values seen in the intact animal, the derived portion of the line 
would be roughly linear. However, the capacity of the pulmonary vascular bed 
is largely made up of capillaries (Daly, 1938), and the capacity is constantly 
changing with respiration as an effect of lung expansion and changing intra- 
pleural pressure. Thus some points on a graph relating pressure to flow 
during a respiration would not be expected to lie on a pressure-flow curve de- 
rived from observations on perfused stationary lungs. But since the major change 
in pulmonary vascular capacity as a result of lung expansion occurs beyond 
the arterioles (Macklin, 1946), and as changes in pulmonary arterial pressure 
for a given rate of inflow can be accepted as an expression of effects on pulmonary 
arterioles (Daly, 1938), pressure-flow curves derived from measurements 
taken on the arterial side can still be expected to show small displacement as 
a result of respiration. It was on this last assumption that the interpretation of 
records was to be based, as well as on the hope that the pressure-flow curve 
for the cat lung would prove to be roughly linear over the flow range in 
the intact animal. 

In altering the pulmonary vasomotor tone, histamine was used as a constrictor 
and amyl nitrite as a dilator. There appears to be little information about 
the action of the latter drug in the cat, but histamine has been shown by 
Dirken & Heemstra (1948) to cause constriction of pulmonary vessels in per- 
fused rabbit lungs when given as an aerosol. The drug has also been shown to 
constrict pulmonary vessels in whole perfused dogs, and the larger part of the 
effect. was proved independent of the associated bronchoconstriction (Alcock, 
Berry, Daly, & Narayana, 1936). Woodbury & Hamilton (1941) obtained a 
marked increase in pressure gradient from pulmonary artery to veins of 
anaesthetized cats following intravenous histamine. This pulmonary arterial 
constriction was accompanied by a fall in systemic pressure. | 


METHODS 


The flowmeter comprises three main assemblies, A cannula incorporating a Pitot head is inserted 
into the pulmonary artery for obtaining a differential pressure proportional to the volume flow 
rate squared. The tubes from the Pitot head are connected to a differential condenser manometer 
which converts fluctuations of pressure into changes of electrical capacity. These in turn are 
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transformed into voltage changes by an electrical circuit that also corrects for the pressure/flow 
Proportional to flow rate, is displayed on  cathode-tay tabe for 
photographic recording. 

Cannula 

The cannula is based on the general pattern of one previously used for recording pulmonary 
arterial pressures. In principle, it consists of a small Pitot head of which the forward end, with 
ite front and side orifices, is surrounded by a ring to form an annulus of fixed area through which 
the blood must stream when the cannula is inserted. By-pass flow is prevented by apposing the 
vessel wall to the ring with an extravascular thin metal band. 

A ring and Pitot head were chosen for the metering section in preference to a Venturi tube or 
similar device because it enabled this part to be kept very short, simplifying insertion and suiting 
the limited section of artery available, which is curved and seldom exceeds 12 mm. between valves 
and point of bifurcation. Previous attempts to design a Venturi tube which fulfilled these require- 
mente met with failure, since the small exit angle necessary was incompatible with a short length. 
Furthermore, the obstruction to flow is small, and because the pressure points are in mid-stream 
there is less likelihood of trouble from eddies or changes in direction of the artery in the vicinity of 
the cannula. | 


“ 1. Vertical section of Pitot head, shield, and metering ring, showing connexion 
between orifices and tubes. (Magnification, 4 x.) 


In Fig. 1, and the velocity point 4 where the flow cross- 
sectional area is a,, At B the corresponding values of these quantities are p,, v, and a, respectively. 
If the fluid density is p, then according to Bernouilli’s theorem, 

The forward facing orifice at A registers the total arterial pressure p, +4p0,’, whereas the lateral 
facing ones at B only pick up p,. The difference in pressure is, therefore, }pv,*. That is 
Ap=tpr,* 
| =t$p(Q/a,)*, 
where Q is the volume flow rate. 
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_A photograph of the complete cannula was given in a preliminary report (Baxter & Pearce, { 
1951), and the external appearance is illustrated again in Figs. 2 and 4, while the structure of the | 
ring and Pitot head is shown in Fig. 1. To seal the insertion slit in the artery, the vessel wall is 
sandwiched locally between an internal shielii and an external saddle carried by a sleeve on the = 
connecting tubes. The saddle may be forced in place by tightening a clamping nut which bears on 


| 
{ 
Right: saddle deft: saddle extended. A, union; B, clamping nut | 
r . (sectioned in left-hand view); O, split sleeve; D, saddle sleeve; H, saddle; F, tubes from Pitot 
| head; G, Pitot head; H, ring; J, band and thread; J, cleat. 
i | a split sleeve abutting against the saddle sleeve. . Prior to insertion, the saddle sleeve is retracted , 
ig within its split companion, the springy halves of which click inwards behind the saddle sleeve when 
ii this is lowered. The vessel is held against the metering ring by a brass foil band fixed to one side 


of the saddle and passed around to the other side where it is pulled taut by a thread anchored to 


A . B 


| 


: 
Scale (cm.) 
Fig. 3. Junction of cannula to manometers, shown for clarity partly disconnected. A, union block; 
B, union nut; C, union cone; D, union socket; Z, screw thread for clamping nut; F, seating | 
| 


for inner stem; @, inner stem; H, three-way cock and side connexion. 
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a cleat on the cannula tubing. The Pitot head is coupled to the manometer by a single union (Fig. 3) 
having an inner hollow stem which fits into a seating of its own when the main cone joint is engaged. 
At the union one pressure is transmitted within the central stem and the other via the annular 
space between the stem and the union body. 

The insertion of the cannula into the exposed and occluded pulmonary artery must be carried 
out as quickly as possible. A longitudinal slit, slightly shorter than the diameter of the ring, is 
made in the wall of the artery at a point just distal to the centre of the portion of the vessel ex- 
posed. The tail end of the cannula head is slipped into the lumen of the artery and the slit is 


= 


Fig. 4. Sketch of cannula inserted into the pulmonary artery. A, cleat; B, band; 
C, saddle sleeve; D, Pitot head; Z, saddle in section; F, shield. 


worked over the ring. The head is shifted proximally, bringing the slit over the rear end of the 
shield, and the saddle is then lowered into place, thus closing the slit. It is essential to avoid 
catching the auricle or the phrenic nerve under the saddle. Once the absence of bleeding is con- 
firmed, the saddle is secured with the clamping nut and the ligature about the vessel is released. 
The brass band attached to the saddle is now drawn around the artery by means of a thread 
which was passed through earlier with the occlusion ligature. This thread is pulled up and fixed 
to the cleat. 
Manometers 

The differential manometer consists essentially of a thin metal diaphragm close to which an 
insulated electrode is rigidly mounted. Any difference between the pressures at each side of the 
diaphragm will cause it to bulge one way or the other and proportionately alter the electrical 
capacity between it and the electrode. 

The complete manometer assembly with tubing is shown in Fig. 5, and the differential 
manometer in section in Fig. 6. To prevent earthing of the electrode by the saline solution 
which conveys pressure from the lateral Pitot orifices, the manometer body is filled with a light 
mineral oil which is retained by a thin-walled cylindrical polythene expansion chamber that allows 
pressures to be freely transmitted between the liquids it separates. To avoid rupture of the 
polythene chamber by thermal expansion of the oil, the filling hole is permanently submerged 
in a reservoir whichever way up the instrument may be; between experiments the filling hole 
stopper is loosened to allow free expansion of the oil. 

On the manometer body are two cocks for each of the pressure leads to the diaphragm. The 
smaller ones control a supply of saline solution from a pressurized container to enable the tubing 


to be filled and flushed free of air bubbles. The larger ones are three-way cocks, each with a side ®@ 
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i there is another three- 
connexion used during pressure calibration. At the cannula union block 
way cock for switching the forward Pitot orifice off from the manometer and on to the side con- 
nexion for pulmonary arterial blood sampling. 


From Pitot 
front orifice 


From Pitot 
side orifice 


Fig. 6 


Scale (cm.) 

Fig. 5. Photograph of manometers and union block for cannula. A, inner stem; B, cone joint for 
cannula; (, side connexion for withdrawal of blood from the pulmonary artery; D, ordinary 
condenser manometer; H, differential manometer; F, oil reservoir. 

Fig. 6. Differential manometer, in section to scale. For clarity the electrode and electrical socket 
are depicted schematically, and the cocks and side connexions are shown lying in the plane of 
the diagram instead of normal to it. A, oil reservoir; B, cocks and connexions to saline reser- 

y voir; C, three-way cocks; D, diaphragm and mounting; HZ, main body; F, electrical socket; 


G, electrode; H, oil filling; J, expansion chamber; J, filling hole stopper. Plastic, (1) ; 
metal, 


A plain condenser manometer is connected to the tube from the forward orifice for registering 
total arterial pressure. 

In accordance with well-known principles the natural frequency of the recording system has to 
be high compared with the highest frequency component of the pressure wave-form. This demands 
stiff manometer diaphragms that have a volume elastic coefficient appropriate to the effective mass. 


2 a 


Prt 
‘ 
q 
a ig. 5 
Fig. 
B D E F 
3 » 
4 
C 
1 
™. 
B 
t 
it 
3 


ae 


PULMONARY ARTERIAL FLOW AND PRESSURE 417 


of the liquid columns in the relatively narrow bore tubes in the cannula. In each manometer the 
diaphragm is about 13 mm. in diameter, and in the plain manometer is about 0-5 mm. thick, for 
which the estimated volume elastic coefficient is 10 x 10° dynes x om.-*; in the differential 
manometer these quantities are 0-4 mm. and 4 x 10° dynes x om.-*. The change of capacity with 
pressure is about 2:5 x 10-* ypF./mm. Hg for each manometer. The natural frequency of the 
differential manometer when coupled to the cannula and filled with saline is 160 cyc./sec. 

Each limb of the manometer is independently tested for bubbles in the liquid fillings by checking 
the natural frequencies with first one side of the diaphragm, and then the other, switched by its 
three-way cock into communication with the open side connexion instead of the normal pressure lead. 

Coupling the manometer to the inserted cannula merely involves withdrawing the obturator, 


) slow saline drip, subsequently turned off. 


Electrical circuit 
The circuit (Baxter, 1951) is shown schematically in Fig. 7, and comprises three main sections. 
The first one is a phase modulation system for converting capacity fluctuations linearly into voltage 
changes, which are then fed to a second stage which gives an output voltage proportional to the 


General scheme Electrical scheme 


 [Manometer] | Capacity 
| 
Diff. pressure PhasexcC 
oc (flow rate)? | 
[Oscillator 
[Manometer] [Manometer 
Vy phase 
Capacity Capacity J 
oc diff. pressure oc pressure 
Voltage Voltage 
o ity Capacity 
| 
| Display | Displa oc 
| 
Deflexion Deflexion [Amplifier ] 
oc flow rate pressure 
Vax Vs 


| 


Fig. 7. atin naieitaaiol At the right is a block 
diagram of the circuit used to measure flow; the circuit for measuring pressure utilizes only 
the portion to the left of the dashed line. 
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square root of its input. In this way the overall conversion from volume flow rate into output 


voltage is tnade linear. The third section is a negative feedback loop for compensating drift; 
capacity change with flow is so small that unavoidable extraneous capacity alterations can be of 
comparable magnitude and cause serious drift of the output voltage. Matters are aggravated by 
the square law effect, for a drift of one-tenth the total voltage excursion preceding the ‘square 
rooting’ section becomes a drift, at the beginning of the range, of about one-third the output 
voltage amplitude. Instead of dealing individually with the various sources of drift, negative 
feedback is provided which introduces an automatic capacity correction if the output voltage 
corresponding to no flow deviates for long from its correct value. This only becomes possible 
because there is negligible flow in the pulmonary artery at the point of measurement during 


diastole. Automatic drift correction renders the circuit useless for measuring steady flow, so the 


output is condenser coupled to the cathode-ray tube. 

There are two control knobs. One adjusts the sensitivity to suit the flow range being measured, 
and the other trims the input capacity in conjunction with a ‘magic eye’ tuning indicator for 
showing the right setting. 

Calibration of apparatus 


tions of the cannula, circuit and recording unit. Four flow calibrations of the cannula head fitted 


in a brass tube were carried out with water, and one with sheep’s blood. It was also calibrated. 


six times in situ with water admitted through a cannula tied into the right ventricle of the excised 
heart, and allowed to leave by the two main branches of the pulmonary artery which had been 
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brass tube water calibrations (33 points) of the Pitot head. The vertical bars represent the 
extent of the standard deviation of individual points from the derived curve. The best curve 
for a single brass tube blood calibration (16 points) lay between A and B. The curve C re- 
Pitot head, at various steady blood flow rates (8 points). : 
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_ severed @ few mm. from its bifurcation. Differential pressures were measured with a mercury 


manometer and the corresponding steady flow rates by collecting the outflow in a measuring 
cylinder during periods timed by a stop-watch. Results of these tests are shown in Fig. 8. The 
calibration of circuit and recording unit was calculated from section to section measurements, 
checking the final result by applying known step changes of pressure to the differential manometer 
and recording photographically, as with flows. In this way it was found that, at the sensitivity 
setting usually employed, 1 mm. deflexion on the record corresponded to 3-6 ml./sec. volume flow 
rate for blood. | 
Experimental procedure 

Experiments have been carried out by J.W.P. on cats anaesthetized with chloralose 
(70-80 mg./kg.) following ethyl chloride and ether induction. Positive pressure ventilation was 
established and the chest opened through the fourth left intercostal space. The upper lobe of the 
left lung was collapsed and packed off, exposing the pulmonary artery. The pericardium over 
the artery was removed between the conus arteriosus and the phrenic nerve, and a thick ligature 


was then passed around the artery with a blunt aneurysm needle; at this stage the animal was 


heparinized. After occlusion of the artery by pulling up the ligature the cannula was inserted in 
the manner described. The lung was then reinflated and the chest closed in layers. After with- 
drawal of any air remaining in the intrapleural space, spontaneous respiration was usually 
resumed. 

The electrocardiogram was recorded from Lead II, with the cannula serving as the earth lead. 
Amyl nitrite was administered by inhalation from a broken perle, and histamine was injected 
intravenously in doses of 20-50 yg. 

further in size by the camera lens. Each flow wave-form chosen to be measured was projected 
on to a flat surface with an epidiascope, giving a linear enlargement of about 7 x. The area of the 
image of the wave-form, ora tracing of it, was measured in two directions with a hatchet plani- 
meter. By suitable calculation this area could be expressed as an absolute quantity of blood 
ejected during the beat. The mean output of all the beats occurring during a wes sales cycle was 
multiplied by the heart rate to give the right heart output per minute. 

In plotting pressure against flow, the effective incisural pressure was used as the ordinate value 
and the corresponding beat output as the abscissa value. Although the pressure measured at 


almost any selected point on each of a series of pressure pulse curves showed about the same 


proportional variation in response to flow changes, it was believed that either diastolic or incisural 
pressures would represent more accurately the pressure variation in the vascular bed caused by an 
injection of blood. Since there is a pressure drop across the cannula head, the recorded systolic 
pressure does not represent the true pressure in the portion of the artery distal to the cannula. 
Furthermore, pressure recorded during the ejection of blood is partially dependent on the inertia 
effect of the blood column in the artery. Thus systolic pressure may be altered by a shorter ejection 
time (such as occurs after adrenaline administration), while the same quantity of blood, once 
‘accommodated’, -will produce the same diastolic. pressure level if the capacity of the system is 
unchanged. 


RESULTS 
To check its performance, the instrument was used to measure an artificially 


produced intermittent blood flow. The cannula head was fitted in the brass 


calibration tube and human blood was passed through from a reservoir under 
pressure, the outflow being controlled by a cam actuated piston valve. Two 


differently shaped cams were used, one giving a flow pattern (Fig. 9, top) not , 


unlike that in the pulmonary artery and the other giving a sharper rise and fall 


with a plateau in between (Fig. 9, bottom). Vibrations at the point of cut-off 
28 


PH. OXV. 


* 
| 
> 
ase 
are 
ho 
ive 
he! 
re 
ble 
in 
| 
| 
| 
| 
bd, 
or 
| 
| 
i 
; 
| 
| 
| 
‘ 
af >) 
4 
ag 
| 


420 I. G. BAXTER AND J. W. PEARCE 


were attributed to bounce in the rubber connecting tubes. The cams were 
- driven at a frequency of about 3 cyc./sec. through gearing from an electric 
motor. In a succession of measurements with various pressures in the reservoir, 
the outflow was collected in a graduated cylinder for 10 sec. intervals, and the 
volume rate of flow found in this way was afterwards compared with that ob- 
tained by analysis of the flow record. Using the first cam, the mean discrepancy, 
regardless of sign, in seven readings ranging from 200 to 400 ml./min., was 3% ; 
with the second cam it was 45%. In a test with water, wang Det two cams, the 


Fig. 9 Fig. 10 

Fig. 9. Record of two pulsating flow calibrations with blood; to be read from right to left. The 
time marker is 50 cyc./sec. The upper record showed an output of 372 ml./min., with an error 
of +3% from the measured volume delivered. The lower record gave a value of 486 ml./min., 
with an error of +1%. | 

Fig. 10. Record obtained from a cat; to be read from right to left. From above downwards are 
shown the pulmonary arterial pressure, the pulmonary arterial flow, the intrapleural pressure 
(inspiration upwards), the electrocardiogram, inverted and from Lead II, and 50 cyc./sec. 


Deane 


The portion of record shown in Fig. 10 illustrates the typical variations in — 


pulmonary arterial volume flow during spontaneous. respirations. In all 
records obtained in ten experiments, the right heart output per beat began to 
increase a8 soon as inspiration commenced, reaching a peak at the height of 
inspiration, or, more commonly, during expiration, and fell to its previous 
expiratory pause value within a beat or two after expiration. Combining 
records from each of the ten experiments, the average maximum change in beat 
output during respiration was about 50%, while the average output during the 
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combined inspiratory and expiratory phases was about 35%, greater than the 
average output during the expiratory pause. 

The changes in flow in the pulmonary artery produced by two respiratory 
manoeuvres, which cause large fluctuations in pressure in that vessel, have been 
investigated in connexion with the identification of pulmonary vascular fibres 
in the vagus nerve. The first manoeuvre was a sustained negative pressure 
deflation of the lungs, which caused a marked increase in beat to beat output 


Fig. 11. Records obtained from a cat (weight 4-1 kg.). From above downwards the features 


registered are the same as in Fig. 10, and should be read from right to left. Section A shows | 
spontaneous respirations, B shows the effect of a positive pressure inflation of the lungs, and — 


C the effect of a negative pressure deflation. Short pieces of record have been omitted from 
sections B and C at the point indicated by the arrows. The numbers adjacent to each beat 
refer to ite volume in ml. The heart output during this period of the experiment was 
385, ml./min. 
of the right heart. The iemenee itself sometimes as much as equalled the average 
beat output during a normal respiratory cycle, and the average increase ob- 
served was about 75%. The same effect, to a lesser extent, was seen during an 
obstructed inspiration. 

The second one, a sustained positive pressure inflation of the lungs, gave an 
immediate marked decrease in beat output. Following the release of the in- 
flation the volume of the second or third beat, was, as an average value, 25% 
greater than the mean beat output of any preceding respiratory cycle and 
usually greater than the maximum beat output during that period. These 


results are shown by the examples in Fig. 11. 
| 28—2 


| 
re 
c 
| 
t 
=a 
i 
I 
if 
| 
j 
| 
| 
P 
é | 
| 
hs 
i 
AR 
sf 
it 
| 
r 4 
*? 
i 
| 
| 
te 
Cok 
4 
4 
hy 


422 1. G@. BAXTER AND J. W. PEARCE — 


Flow patterns 
The flow patterns recorded could be assigned, purely with regard to shape, 
to one of four groups (Fig. 12), but variations between any two types were seen. 
The rounded (Rd) type was not observed as commonly as the round-triangular 
(RaT'r) type, and each was only recorded early in an experiment when the heart 
output was highest. The triangular (7'r) type was associated with lower output 


Fig. 12. A, sections from different experiments to show the four main types of flow patterns. 
From left to right are shown the Rd, RdT'r, T'r and Pk types (see text). B, sections taken 
at intervals of several beats, at approximately the same respiratory phase, from a record 
obtained immediately before and after the administration of 50 yg. of adrenaline. The 
injection was made between the first and second sections at arrow. Values of beat outputs 
reading from left to right, were 2-25, 1-8, 2-4, 2-95, 3-75 and 4-95 ml. In both parte of the 
figure the individual sections read from right to left and the flow tracing is second from the 
top; the tracings are in the same order vertically as in Fig. 11. 


values and was usually seen towards the end of an experiment. The peaked 
(Pk) type was recorded from animals with low outputs, but was also seen 
immediately following histamine and adrenaline injection. Adrenaline gave 
@ more rapid increase in the speed of contraction, as evidenced by a steeper 
rising phase, but its administration was shortly followed by a rise in venous 
return which was indicated by rounding of the flow curve. Amy] nitrite in- 
halation, which was shown later to produce vasodilatation, caused the develop- 
ment of more rounded flow patterns, but again the change could be attributed 
to the almost immediate increase in beat output. In a series of twenty-four 
experiments the initial recorded wave-form was the RdJ'r-type in sixteen 
animals, the Rd type in four, and the Tr type in a further four. During the 


course of any experiment, there was a gradual transition of the initial wave- 
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form to a more triangular or peaked type. This was caused by changes in 
venous return, in speed of cardiac contraction, and possibly in degree of vaso- 
motor activity. Progressive integration of any type of flow pattern (Fig. 13) 
yielded a sigmoid curve relating intraventricular volume to time; the different 
volume curves varied principally in height and rate of rise. 


\ 


change (ml.) 


Intraventricular volume 
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Fig. 13. Curves of intraventricular volume change derived by integration of flow tracings selected 
from Fig. 12. (a), a beat during an expiratory pause; (b) the preceding beat at the peak of 
inspiration ; (c) later in the same experiment immediately prior to adrenaline administration ; 
(@), shortly after the injection of the drug. Note more rapid increase in contraction rate 
following both the increased venous return, associated with inspiration, and the action of 
adrenaline. The latter was accompanied by more than doubling of the right heart output. 


Immediately preceding closure of the pulmonary valves there was a small 
backward flow which was increased by a negative pressure deflation of the 
lungs and during inspiration. The instrument was not designed to give a 
quantitative measurement of reverse flow, so that in the record this portion of 
the curve was exaggerated in size, and represented, in fact, a very small quantity 
and velocity of blood flow. In most records there was a small fairly abrupt 
change in slope some way up the rising phase of each flow pattern, corresponding 
to an initial slower ejection velocity. When the change was marked it was 
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often also apparent in the pressure tracing. The pressure pulse itself frequently 
varied greatly in shape from the flow pattern. A well-rounded pressure curve 
was often produced by a 7'r type flow pattern, and the peak stream velocity was 
almost always reached before the peak pressure was develo 


accompanied by greater beat output. 

The peak blood-stream velocity in the pulmonary artéry could be estimated 
roughly. In records from ten experiments, peak voluine flow rates varied from 
12 to 30 ml./sec., giving a stream velocity throu e Pitot ring of 60-150 cm./ 
sec. The diameter of the artery was usually larger than that of the ring, and 
making an approximate correction for this difference gives a peak stream 
velocity range of 30-80 cm./sec. in the pulmonary artery of cats. The peak 
- velocity seldom persisted for more than 60 msec. : 


Assessment of vasomotor activity changes 
Incisural pressure values from suitable records were plotted against corres- 
ponding beat output values. The loci of: groups of points thus obtained could 
be adequately represented by straight lines, but the scatter was sufficient to 
preclude assigning to these a precise slope value. The displacement of some 
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Fig. 14. Relationship between pressure and flow derived from records taken during a respiratory 
cycle and during positive pressure inflation and negative pressure deflation of the lungs. These 
manoeuvres produced a wide range of flow values and were assumed not to change the 


points obtained during the active phases of respiration was considerable. The 
loci occasionally tended to flatten parallel to the flow axis at higher values of 
both measurements. The lines could never be extrapolated through the origin 
but always cut the pressure axis above it; there were never sufficiently low 
flow values to indicate the shape of the lower end of the curves. During a 
variety of respiratory manoeuvres, which were assumed not to influence the 
vasomotor activity, the position of the loci did not change, although points 
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corresponding to extremes of flow values often lay well off the line (Fig. 14). 
These manoeuvres were carried out consecutively, and resulted in a range of 
beat output values from 2 to 5 ml. | 

In a small number of experiments in which drugs were injected to alter 
vasomotor activity, marked changes in the position of the loci were observed. 
Immediately following the injection of adrenaline and histamine there was an 
upwards shift (in the direction of increased pressure) and following the ad- 


25 
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Fig. 15. Relationship between pressure and flow following the administration of drugs to alter the 
vasomotor activity. A, control series of beats; B, immediately after amyl nitrite inhalation ; 
C, several seconds later after amyl nitrite; D, control series much later; Z, several seconds 
after the intravenous injection of 20 yg. of histamine. 


ministration of amyl nitrite there was a downwards shift. As both adrenaline 
and amy] nitrite produced. large increases in output, giving lateral shift as well, 
these plots could not be used in assessing vasomotor activity changes. How- 
ever, in a few experiments, the heart output before and after a drug effect 
remained almost constant. The plot from such an experiment is given in Fig. 15. 
Histamine produced the rise in pressure level and the greater slope of line E, 
although the flow rates corresponded closely to those of the control series D. 
This was accepted as evidence of active pulmonary vascular constriction. 
Following the administration of amy] nitrite the initial change in the position 
of the line from A to B, indicating a decrease in mean pressure and slope, was 
associated with a considerable increase in mean flow. However, the further 
series of points plotted at C, with a mean flow value almost equal to that of B, 
gave a further decrease in pressure level and slope, which was accepted as 
evidence of active vasodilatation. | 
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DISCUSSION 


During the development of the method it was feared that the different vessel _ 
configurations might cause the calibration of the Pitot head to differ from that 
previously arrived at in a brass tube, but this alteration did not occur to a sig- 
nificant degree, as is shown by the results plotted in Fig. 8. The natural fre- 
quency of the system was demonstrated, in all experimental records, to be of 
adequate value to register flow patterns faithfully, and the sensitivity ranges 
provided have proved appropriate to the flow values encountered in cats. The 
automatic zeroing device was included under the assumption that diastolic 
flow in the trunk of the pulmonary artery is negligible, but occasionally there 
was evidence of slight flow at the beginning of diastole. This slowly changing 


forward flow tended to upset the tuning of the circuit, and invalidated the 


measurement of subsequent beat outputs. However, it is felt that the method, 
with certain circuit modifications, is quite suitable for the measurement of flow 
in other vessels. In systemic vessels a Venturi tube could be substituted for the 
Pitot tube, as it possesses the advantage of offering a smaller resistance to flow. 
A useful addition, especially for heart output estimation, would be an electrical 
integration stage. 

It is unlikely that perivascular nerves, probably predominantly efferent, 
travelling along the pulmonary artery would survive the application of the 
cannula band. The use of heparin makes gradual blood loss from the chest 
wound inevitable, and limits the period of usefulness of the experimental animal. 
The presence of the cannula in the pulmonary artery adds extra resistance to 
flow in the vessel, and it was determined (Fig. 8) that the resistance to peak 
flows was increased by as much as half by the insertion of the Pitot head. The 
relationship between pressure and flow for the latter is ascertained experi- 
mentally instead of using a calculated value, so that the question of any effect 
due to a radial velocity gradient in the neighbourhood of the head does not 
arise. In regard to factors unknown, it must be admitted that the flow patterns 
recorded from the artery may have been modified in some way by the mere 
presence of the metering device. 
_ The observation of the changes in flow to the lungs during various respiratory 
manoeuvres requires little comment, but controversy about the influence of 
inspiration on right atrial flow persists (Opdyke, Van Noate & Brecher, 1950). 
There can scarcely be any doubt that, under the conditions of our experiments, 
inspiration does increase the output of the right heart. Since a linear relation- 
ship was shown to exist between pulmonary arterial incisural pressure and 
beat output during the respiratory manoeuvres, it is unlikely that they in- 
fluence vasomotor activity. Considering the role of the heart, changes in 
venous return to the thorax must, then, be predominant in governing the 
pressure level in the artery during these manoeuvres and during any period of 
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constant vasomotor activity. But the exact contribution of alterations in flow 
to pressure changes, separated from the contribution of changing lung volume and 


intrapleural pressure to vascular capacity and thus to pressure changes, has not 


yet been completely investigated in the intact animal. 

This work has been devoted mainly to developing a method of approach to 
some pulmonary vascular problems, but one implication follows from the 
observation of flow changes during the respiratory manoeuvres. Although the 
incisural pressure was selected as the best quantitative expression for relating 
arterial pressure to flow, the pulse pressure was also seen to follow closely the 
beat output. Since the activity in pulmonary vascular nerve fibres closely 
parallels the pulmonary arterial pulse pressure (Pearce & Whitteridge, 1951), 
so does the discharge in these fibres parallel the beat output. This is not in- 
consistent with the view that the site of the receptors is on the arterial side of 
the pulmonary vascular bed registering conditions proximal to the arterioles, 


but if they were situated beyond these vessels they might equally well be re- - 


sponding to flow changes. When conditions arise in which there is a change in 
pressure but not in flow—fibre discharge under such conditions has not been 
described—there may be response to one and not to the other, thus tending to 


place the site of the receptors before or beyond the arteriolar bed. Hence it- 


would be informative to determine the effect of histamine administration on 
pulmonary vascular nerve fibre discharge, although variations in venous return 
would make simultaneous recording of flow and pressure advisable. 

The use of the method to detect changes in vasomotor activity is shown to 
be justified, but conclusions can only be drawn when there is an almost con- 
stant heart output before and after the stimulus is applied to the vascular bed, 


or if the flow change is large and opposite in direction to the pressure change. 


As with adrenaline, so with histamine, the increase in venous return may occur 
so rapidly that the significance of a pressure rise cannot be exactly determined. 
Even with the required conditions of output, one cannot positively state in 
which part of the vascular tree vasomotor activity has changed, although, as 
mentioned earlier, the height of the pulmonary arterial pressure may be con- 
sidered to depend chiefly on arterial rather than venous resistance. When using 
such a stimulus as histamine the effect of the drug on bronchiolar calibre has 
to be considered, but the considerable changes in pulmonary arterial pressure 
observed were unlikely to have been due to bronchomotor effects. It is hoped 
that the method will be applied to investigating further the possibility of 
reflex control of the pulmonary vascular system, with — reference to the 
effects on this system of pulmonary starch embolism. 
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SUMMARY 

1. A method of measuring simultaneously the pulmonary arterial pressure 
and pulsatile volume flow in spontaneously breathing animals is described. It 
employs a Pitot head inserted into the pulmonary artery, a differential and a 
plain condenser manometer, and electronic-recording circuits. 

2. The method records flow patterns with linear co-ordinates. 

3. The mean error of the method is 4%, as tested with artafictally pulsating 
blood flows. | 

4. Flow patterns in the. pulmonary artery. are described. The shape of the 
flow wave depends principally on the magnitude of the beat, output and on the 


‘speed of cardiac contraction. The approximate range of peak stream velocity 
in the-pulmonary artery of cats was found to be 50-80 cm./sec. 


5. Variations in beat to beat volume flow in the pulmonary artery during 
respiration, and during positive pressure inflation and negative pressure 
- deflation of the lungs, are described. 

6. During periods of presumably constant vasomotor activity, the effective 
incisural pressure bears a roughly linear relationship to the beat volume flow 
in the artery. 

7. A method is described of assessing changes in vasomotor eitivicy in the 
pulmonary vascular bed, providing that experimental conditions do not in- 
volve more than slight changes in the right heart output. 


The authors gratefully acknowledge the help of Prof. D. Whitteridge, who also suggested the 
combination of certain techniques used in the method. J. W. P. is indebted to Prof, E. G. T. 
Liddell for the generous laboratory facilities provided. Thanks are due to ‘Jock’ and ‘Sandy’ 
Austin for careful technical and operative assistance. 
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THE EFFECT OF ADRENALINE AND NORADRENALINE 
ON HEPATIC BLOOD FLOW AND SPLANCHNIC 
CARBOHYDRATE METABOLISM IN MAN 


By A. G. BEARN, BARBARA BILLING* anp SHEILA SHERLOCK 
From the Department of Medicine, Postgraduate Medical School of London, W.12 
(Received 28 May 1951) 


The action of adrenaline and noradrenaline on the heart and peripheral 
circulation in man has been studied (Goldenberg, Pines, Baldwin, Greene 
& Roh, 1948; Barcroft & Konzett, 1949), but their effects on the hepatic 
circulation are uncertain. Bradley (1946), using the hepatic vein catheteriza- 
tion technique, described, in a preliminary communication, an increase in 
hepatic blood flow with adrenaline. Grayson & Swan (1950) used changes in 
the temperature of the human colon as a qualitative index of blood flow and 
noted colonic vasoconstriction with both adrenaline and noradrenaline. 

In the present study not only have the effects of adrenaline and noradrenaline 
on the hepatic blood flow been determined but also simultaneous changes in 
splanchnic carbohydrate metabolism. 


METHODS 


The twenty-two subjects studied had no known hepatic dysfunction and were rested in bed and 
without food for 12 hr. Sodium amytal 0-2 g. was given by mouth 30 min. before the observations 
began. 

A radio-opaque catheter was passed into an antecubital vein, and under fluoroscopic control 
introduced into one of the hepatic veins. After a priming dose of bromsulphalein (B.s.P.) had been 
given, an intravenous infusion of B.s.P. of suitable strength at a constant rate was started (Sherlock, 
Bearn, Billing & Paterson, 1950). Assuming that the liver is the only organ removing B.s.P. from 
the peripheral blood and that the concentration of B.s.P. in the peripheral venous blood does not. 
change, then the rate of the infusion is equal to the rate of removal of the dye by the liver. By 
application of the Fick principle the hepatic blood flow can be calculated (Bradley, Ingelfinger, 
Bradley & Curry, 1945). 

_, Twenty minutes after the infusion had begun blood samples were taken from the hepatic vein 
catheter and through an indwelling needle in an antecubital vein. At the same time 0-2 ml. 
capillary blood was withdrawn from the ear. The level of B.s.P. in the peripheral venous blood was. 
estimated to ensure that it was greater than 1-0 mg./100 ml. plasma; two further sets of control 
samples were taken at 10 min. intervals. Adrenaline or noradrenaline were then added to the 
B.8.P, infusion so that the subject received the test substance at a constant rate for 30 min. 


* Lund Fellow of the Diabetic Association. 
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}  Bromsulphalein without the test substance was then infused and the observations were continued 
_ for a further hour, at the end of which the position of the hepatic vein catheter was checked 
_ fluoroscopically. Blood was taken from the three sampling sites at intervals of 5, 10, 15, 30, 45, 60, 


75 and 90 min. from the beginning of the adrenaline or noradrenaline infusion. Brachial blood 
pressure (auscultatory) and pulse rate were determined frequently, In most instances blood from 


4 the brachial artery was obtained at the conclusion of the observations; it was assumed that the 
 exygen content of the arterial blood did not change during the experiment. 


Preparation and administration of adrenaline and noradrenaline. The same batch of adrenaline 


hydrochloride was used throughout (Allen & Hanbury, 1: 1000) and was stored in 0-5 ml. ampoules 
_ in the dark at 4°C. This preparation does not contain noradrenaline. Immediately before use the 
_ adrenaline was diluted with 40 ml. B.s.P. infusion and about 250 mg. ascorbic acid added to prevent 
oxidation. 


t-Noradrenaline bitartrate was dissolved in n/100-HCl from pyrogen-free water) 


under sterile conditions, to give a 1:1000 solution of noradrenaline. This solution was stored in 
the dark at 4°C, and was diluted immediately before use with 40 ml. of the B.s.P. infusion. 
Adrenaline was given at the rate of 0-10 »g./kg./min. (nine subjects); noradrenaline was given at . 
the rate of 0-10 ug./kg./min. (four subjects); 0-15 yg. /kg./min. (three subjects); and 0-20 yg. /kg./ 
(six subjects). 


Analytical methods. All analyses were carried out on the same day as the observations. The 


. hepatic and peripheral venous blood samples were taken into heparinized tubes and analysed for 


blood glucose (King, Haslewood, Delory & Beall, 1942), blood lactic acid (Barker & Summerson, 
1941) and plasma B.s.P. (Sherlock e¢ al. 1950), using 0-2, 1 and 2 ml. samples respectively. 0-2 ml. 


_ @apillary blood was taken direct into 3:5 ml. copper sulphate reagent and the glucose content 


determined; this was assumed to be the same as that in arterial blood (Somogyi, 1948). Hepatic 


venous blood and brachial arterial blood were collected in oiled syringes under liquid paraffin into 
 oxalated containers, and the oxygen unsaturation was immediately estimated on 5 ml. samples 


using the Haldane blood-gas apparatus. The plasma volume was calculated from the tables of 
Gibson & Evans (1937). 

Calculations. The estimated hepatic blood flow (zn. B.F.) was calculated as previously described 
(Sherlock ef al. 1950) and expressed in ml./sq.m./min. Where necessary, correction was made for 
changing peripheral venous B.8.P. levels (Bradley et al. 1945). No allowance has been made for 
changes in the vascular capacity of the splanchnic area, since such changes, if they occur, would 
only exert a transitory effect on the calculated hepatic blood flow. 

Samples of blood from the hepatic artery and portal vein cannot be obtained in man except by 


surgical means. It has, therefore, been necessary to assume that the concentration of a substance — 


in capillary or peripheral venous blood is identical with that in the portal vein blood (Bondy, 
James & Farrar, 1949). If the difference in concentration of a substance in the hepatic venous 
blood and peripheral venous or arterial blood is multiplied by the hepatic blood flow, the result 
gives the amount of that substance being produced or removed as the liver, or, more —? 
the splanchnic area. 

Ha-Ca 


Hepatic glucose output (mg./sq.m. 


Splanchnic oxygen consumption (ml./sq-m./min.) Ne x E.H.B.F., 


_ Mean blood pressure (mm. Hg) 
Splanchnic vasoular resistance = (ml/min) 
where Hg =hepatic venous glucose concentration (mg./100 ml.), 
Cq=capillary glucose concentration (mg./100 ml.), 
Vo, =hepatic venous oxygen unsaturation (ml. /1.), 
Ao, =arterial oxygen unsaturation (ml. /1.). 
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Adrenaline 

ES.6.F 
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Fig. la. 


Fig. 1. The effects of intravenous adrenaline and noradrenaline on hepatic blood flow (8..B.¥.), 
splanchnic vascular resistance (8.v.B.), hepatic glucose output (H.c.0.), hepatic venous 
glucose concentration (Hq), capillary glucose concentration (Cg), peripheral venous lactic 
acid concentration (V;,), hepatic venous lactic concentration (H;,), splanchnic oxygen 
consumption (So,), and hepatic venous-arterial oxygen difference (Vo,-Ao,)- Mean 
results for adrenaline 0-10 yg./kg./min. (nine observations) and noradrenaline 0-20 yg. /kg./ 
min. (six observations). 7 
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In all subjects receiving adrenaline, but with noradrenaline this was slight 
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“4 RESULTS a 
_ The results obtained have been recorded in Figs. 1-6 and Table 1, and sum- | 
_ marized in Table 2. Fig. 1 was constructed from the mean values obtained 
by giving 0- 10 yg./kg./min. adrenaline to nine subjects and 0-20 wg. /kg./min. 
noradrenaline to six subjects. 
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Fig. 1b. For legend see p. 432. 


General effects. Symptomatic changes were few; in some subjects, however, 
the adrenaline infusions caused a slight headache. Facial pallor was observed 
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and occurred only with the larger doses. There was a facial flush after the 
cessation of both the adrenaline and noradrenaline infusions. Muscle twitch- 
ings were observed only once. 

Adrenaline caused a rise in the systolic blood pressure (0-54 mm. Hg) and 

a fall in diastolic blood pressure (6-26 mm. Hg). The pulse rate also increased 
(16-56 beats/min.). 

Noradrenaline caused a rise in systolic blood pressure (24-100 mm. Hg) and 
diastolic blood pressure (20-70mm.Hg) with a rise in pulse pressure 
(4-44 mm. Hg). The pulse rate decreased during the infusion (6-24 beats/min.), 
but during the recovery period there was slight tachycardia. 

Estimated hepatic blood flow and splanchnic vascular resistance. In all subjects 
adrenaline caused a rise in hepatic blood flow and a fall in splanchnic vascular 
resistance (Fig. 2), indicating vasodilatation. The averaged results are shown 
in Fig. 1 and Table 1. ee | 


Tantx 1. Mean results of the effect of adrenaline and noradrenaline on hepatic blood flow, hepatic glucose output, 
blood-glucose concentration, peripheral venous lactic acid concentration, and splanchnic oxygen consumption. 


Peripheral lanchnic 
Hepatic Ca venous 
E.H.B.F. glucose output lactic acid consumption 
Rate of (ml./sq:m./min.) (mg./sq.m./min.) (mg./100 ml.) (mg./100 ml.) . (ml./sq.m./min| 
Infusion  (yg./kg./ obser- Maximum 


Maximum Maximum 
mixture min.) vations Initial change Initial change Initial change Initial change Initial chang 


Adrenaline 9-5 
Noradrenaline 0-10 4 89 +11 105 +1-7 60 
Noradrenaline 015 #8 703 —169 101 +352 78° £+30 10-2 +19 37 +17 
Noradrenaline 0-20 6 TT +39 110 +2-1 48 


Noradrenaline caused a small fall in hepatic blood flow (Fig. 2), except in 
one case where there was no change. In the present small series of observations 
_ increasing the dose of noradrenaline did not appear to increase the flow 
reduction (Table 1). This fall in hepatic blood flow was usually observed within 
10 min. and occurred simultaneously with a rise in the mean blood pressure, 
so that the calculated splanchnic vascular resistance increased, indicating 
vasoconstriction (Fig. 2). With the exception of four observations, the values 
for hepatic blood fiow returned to normal before the end of the noradrenaline 
infusion. In some instances there was slight splanchnic vasodilatation after 
the noradrenaline infusion ceased. ve 
Hepatic glucose output. Both adrenaline and noradrenaline caused an increase 
in the concentration of capillary glucose in all subjects (Fig. 3). The concentra- 
tion of glucose in the hepatic venous blood rose at a greater rate than in the 
capillary blood (Fig. 1), indicating a release of glucose from the liver into the 
general circulation. This increased glucose output from the liver was observed 
with noradrenaline, in spite of a diminished hepatic blood flow, but it was not 
as great as that resulting from adrenaline (Table 1). Maximum readings for 
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hepatic glucose output occurred before the maximum readings for capillary 
_ glucose concentration (Fig. 1). Capillary—peripheral venous blood glucose 
_ differences were not appreciably altered. 


__ Fig. 2. Maximum changes in hepatic blood flow and splanchnic vascular resistance. In this and 
Ale subsequent figures, time 0 refers to the beginning of the infusion and the rate of infusion is 
indicated by: +——— + adrenaline 0-10 yg./kg./min; @——@ noradrenaline 0-10 yg. /kg./min; 
O——O noradrenaline 0-15 yg./kg./min.; @——@ noradrenaline 0-20 pg. /kg./min. 


The glycaemic action of noradrenaline was about one-sixth that of adrenaline, 
given at a similar rate. Fig. 4 shows that the glycaemic effects of noradrenaline 
depend on the rate of the infusion. : 

Lactic acid uptake. The concentration of lactic acid in the peripheral venous 


blood was at all times greater than in the hepatic venous blood, thus indicating 
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that under basal conditions lactic acid was being continually removed from 
the circulation (Fig. 1). Adrenaline caused a considerable increase in the lactic 
‘acid content of the peripheral venous blood. The level in the hepatic venous 
blood also rose but at a slower rate, so that the values for the ics. ace 
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Fig. 3. Maximum changes in capillary glucose concentration and hepatic glucose output. 


hepatic venous lactic acid difference (V,,—H,,) increased, and even an hour 
. after the infusion had not returned to the control values. Noradrenaline, 
however, had little effect on lactic acid production whatever the rate of the 
infusion. “A maximum rise of 4 mg.°/ was observed in one subject, but in the 


majority was considerably less. There was also little change in. the concentra- 
tion of lactic acid in the hepatic venous blood. 
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Splanchnie oxygen consumption. Adrenaline caused a marked increase in 


_ splanchnic oxygen consumption. This calculated increase was derived almost 


Rise in capillary glucose concentration (%) 


Change in peripheral lactic acid 


entirely from the increased hepatic blood flow, since the values for Vo,-Ao, 
remained remarkably constant (Fig. 1). Noradrenaline had only a small effect 
_ on splanchnic oxygen consumption. The oxygen content of the hepatic venous 
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Fig. 4. Changes in mean values of capillary glucose concentration, 
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blood decreased during the period of reduced hepatic blood flow, so that the _ 
normal splanchnic oxygen consumption was maintained throughout the 


observations and in some subjects increased slightly (Fig. 6). 


Adrenaline Noradrenaline 


Change in splanchnic oxygen 
consumption (%) 


8 


i 
0 10 20 30 
| Time (min.) 
Fig. 6. Maximum changes in splanchnic oxygen consumption. 
47 
DISCUSSION 


The hepatic vein catheterization technique has enabled some of the actions 
of adrenaline and noradrenaline on the liver in man to be studied without the 
complications of surgical trauma or anaesthesia. Adrenaline was given at 
a constant rate of 0-10 wg./kg./min., since this was known to cause only slight 
symptoms and to be considerably less than that believed to be liberated by 
the body in moments of stress (Cannon & Rapport, 1921). Noradrenaline 
was given in a similar dose; the metabolic effects were, however, so small that 
the rate of administration was increased to 0-15 and 0-20 ug./kg./min. to see 
if a greater response could be obtained. ' 

_ This work has shown that adrenaline caused marked increases in hepatic 
blood flow, which were considerably greater than the normal variations found 
during a 2 hr. control period (Sherlock e al. 1950). These findings are in 
agreement with those reported by Bradley (1946) using a similar technique. 
Grayson & Swan (1950) concluded from changes in colonic temperature that 

_ adrenaline constricted colonic vessels. Goldenberg, Aranow, Smith & Faber 
(1950) have given adrenaline in larger doses (0-3-0-9 wg./kg./min.) to patients 

with phaeochromocytomas, and have observed overall vasoconstriction. 

Animal experiments, using large single doses of adrenaline, have also shown 

that adrenaline can cause a reduction in hepatic blood flow (Clarke, 1928; 
McMichael, 1932). The effect of adrenaline appears, therefore, to be related 

to the dose given. | : 

It is possible that adrenaline causes initial splanchnic vasoconstriction, 
which is then followed by vasodilatation as we have described: Such a vaso- 
constriction, if it occurs, must be very transient, as our results 5 min. after 
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_ was considerably less shan that caused by adrenaline. This finding is in keeping 
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the commencement of the infusion already show increases in hepatic blood 


flow. The overall vasoconstrictor action of noradrenaline (Goldenberg et al. 
1948) has been shown to include the liver, since in all subjects except one there 


_ was a slight diminution in hepatic blood flow. Grayson & Swan (1950) 
reported that noradrenaline causes vasoconstriction in the exposed colon in man. 


The hyperglycaemic action of adrenaline is well known and results from 


_ mobilization of liver glycogen without subsequent increased carbohydrate 
_ utilization (Cori, Cori & Buchwald, 1930). In the present work the hepatic 
__ glycogenolytic action of adrenaline has been clearly demonstrated by the rise 


in hepatic venous glucose concentration in spite of the increase in hepatic 


blood flow. The resulting increased output of glucose from the liver was 
_ responsible for the rise in the capillary blood-glucose concentration, although 


no close relation could be found between the two. This poor correlation may 


well be explained by changes in the peripheral utilization of glucose. 


Noradrenaline given at a rate of 0-10yg./kg./min. produced a glycaemic 


_ response one-sixth as great as that obtained with a similar dose of adrenaline. 
_ When the rate of noradrenaline administration was increased to 0-20 ug./kg./ 


min. the rise in capillary blood-glucose concentration was still only about 
one-half of that obtained with adrenaline (0-10 yg./kg./min.). Observations 
in man (Goldenberg & Aranow, 1950, unpublished), and in rabbits (Sahyun, 
1933) have also stressed the relatively poor glycaemic action of noradrenaline. 
It is of interest to note that the increases in hepatic venous—capillary glucose 
concentration difference during infusions of noradrenaline (0-20 yg./kg./min.) 
were of the same order as those found with adrenaline, although the actual 
glucose output was less, due to the reduced hepatic blood flow. 

Adrenaline is known to diminish muscle-glycogen concentration in man 


: (Hildes, Sherlock & Walshe, 1949) and to increase the concentration of lactic 


acid in the blood. The effect of noradrenaline on muscle glycogen in man is 


; not known, but the resulting lactacidaemia is so small that one would 


expect any diminution to be slight. This is true of the rabbit, on whom it has 


_. been shown that noradrenaline has little effect on muscle glycogen (Sahyun 


& Webster, 1933). 
Adrenaline causes an increase in the total oxygen consumption in man 


, (Cori & Buchwald, 1930). Lundholm (1949) has shown that in cats the in- 
creased oxygen consumption caused by adrenaline is, in part, an index of the 


amount of lactic acid which has been synthesized to glycogen. Since glycogen 
resynthesis takes place in the liver, it was to be expected that the period of 
increased splanchnic oxygen consumption would coincide with the period of 


_ maximum lactic acid uptake (Fig. 1), as it is probable that the liver is the chief 


organ removing lactic acid from the circulation. 
The increase in splanchnic oxygen consumption ; resulting from noradrenaline 
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both with the work of Reale, Kappert, Skoglund & Sutton (1950), who showed 
that noradrenaline causes no appreciable change in total oxygen consumption, 
and with our observation that its lactacidaemic action is slight. 

Recent work by von Euler (1946) has shown that noradrenaline is liberated 


in greater amounts than adrenaline from the endings of the sympathetic 


nerves and is of considerable physiological importance. It is of interest, 
therefore, that these amines have opposite actions on the hepatic circulation 
and that, compared with adrenaline, noradrenaline has such a small effect on 


carbohydrate metabolism. 
: TasLe 2. Summary of results 
Adrenaline Noradrenaline 
Pulse rate Increase Decrease 
Blood pressure: Increase Increase 
i Decrease Increase 
Estimated hepatic blood flow Great increase Slight decrease 
: Splanchnic vascular resistance Decrease Increase 
Metabolic Hepatic glucose output Great increase Slight increase 
pillary glucose concentration Great increase Slight increase 
Peripheral venous lactic acid 
concentration Increase Little change 
Splanchnic oxygen consumption Increase Slight increase 


SUMMARY 


to nine normal subjects for 30 min. Noradrenaline, at rates of 0-10-0-20 yg./ 
kg./min., was similarly administered to thirteen normal subjects. 

2. The hepatie vein catheterization technique was used to determine the 
changes in estimated hepatic blood flow and in the concentrations of glucose, 
lactic acid and oxygen in the hepatic venous blood. Capillary blood glucose 
and peripheral venous blood lactic acid concentrations were simultaneously 
determined. 

3. Adrenaline caused an increase in estimated hepatic blood flow, while 
noradrenaline administration resulted in a slight decrease. 

_ 4, Adrenaline increased the output of glucose from the liver and the capil- 
pte blood-glucose concentration rose. Noradrenaline had a small effect on 
hepatic glycogenolysis, and the increase in capillary blood-glucose concentra- 
tion was about one-sixth of that observed with a similar dose of adrenaline. — 
_ 5, Adrenaline increased the peripheral venous lactic acid concentration, 
while noradrenaline was shown to have little effect. 


6, Adrenaline increased splanchnic oxygen consumption; this was not 
observed with noradrenaline. 


_ We are indebted to Miss Shirley Looker, B.Sc., for biochemical assistance and to Miss Margot 
McAdam, 8.R.N., M.8S.R. , for nursing and radiographic help. We are also grateful to Prof. H. Bar- 
croft and Dr M. L. Tainter for a gift of L-noradrenaline tartrate and to Smith, Kline and French 
Laboratories, Philadelphia, for the bromsulphalein used in this work. — 


1, Adrenaline was administered intravenously at a rate of 0-10 yg./kg./min. 
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HEPATIC BLOOD FLOW AND CARBOHYDRATE 
CHANGES IN MAN DURING FAINTING 
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The circulatory changes during fainting include a precipitous fall in arterial 
blood pressure, bradycardia and an increased muscle blood flow (Barcroft, 
Edholm, McMichael & Sharpey-Schafer, 1944; Barcroft & Hdholm, 1945, 
1946). There is no significant change in cardiac output (Barcroft et al. 1944). 

Apart from Lawrence & Plaut (1942), who estimated the level of blood 
glucose in blood donors who fainted, carbohydrate metabolic changes do not 
appear to have been studied. 

The introduction of a safe method of hepatic vein catheterization in man 
makes it possible to study hepatic blood flow and carbohydrate changes during 
fainting, and the results of such work are reported in this paper. _ 


METHODS AND MATERIAL 


The eight subjects had no known hepatic or circulatory disturbance and had spent several days 
in bed. The hepatic blood flow was measured by the bromeulphalein technique (Bradley, Ingel- 
finger, Bradley & Curry, 1945), which depends on the Fick principle. The dye, which is assumed to 
be extracted only by the liver and excreted in the bile, is infused at a constant rate, and the flow 
is calculated from the difference in concentration of the dye in hepatic venous blood and peri- 
pheral venous blood. It has been shown that the latter level is identical with the concentration 
of the dye in the arterial blood. The experimental conditions and the technique of hepatic vein 
catheterization were similar to those reported previously (Bearn, Billing & Sherlock, 1951). Room 
temperature was within the range 21-24°C. After successful catheterization, the subject’s head 
and shoulders were propped up at an angle of approximately 30° and the infusion of dye com- 
menced. Heart rate and blood pressure measured with a sphyg ter, were recorded at 
regular intervals, After a stabilization period of 30 min. simultaneous samples of capillary blood 


from the ear, venous blood from an antecubital vein and hepatic venous blood were taken at 
intervals of 10-15 min. 


* Lund Fellow, Diabetic Association. We are indebted to the Association for a grant towards 
expenses. 
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Control measurements were continued for 30-45 min. Cuffs, placed round the thighs as high up 
as possible, were then inflated to approximately diastolic pressure; the cuffs were inflated by 
a further 10-15 mm. Hg after 10 min. After 20-30 min. of venous occlusion venesection was 
_ started and continued until the subject showed signs of fainting. At this stage venesection was 
_ promptly stopped and approximately 5 min. later the thigh occlusion was released; this initiated 
recovery. During the fainting period observations were made as frequently as possible and were 
_ then continued at intervals of 10-15 min. for a further 30-50 min. 
| Fainting was induced in two subjects by venous occlusions only, in one subject by haemorrhage, 
and in three subjects by a combination of venous occlusion and haemorrhage. The findings in two 

subjects in whom a spontaneous faint was observed in the course of other studies are included. 
The methods of determining and calculating estimated hepatic blood flow, hepatic glucose 
output, lactic acid level and splanchnic oxygen consumption, have been described previously 
(Bradley e¢ al. 1945; Sherlock, Bearn, Billing & Paterson, 1950; Bearn et al. 1951). 

_... Venous congestion by cuffs on the thighs result in the accumulation of some 700 ml. of blood in 
the leg vessels (Ebert & Stead, 1940). During the low- blood-pressure phase of fainting, this volume 


_ is excluded from the effective circulation, and allowance was made for this in the calculation of 


_ estimated hepatic blood flow at the time of the faint, when corrections for changing bromsul- 
phalein levels were necessary (Bradley et al. 1945). 

*  Bromsulphalein concentration in peripheral blood increased abruptly in three out of six instances 

at the time of fainting, so the calculated results for estimated hepatic blood flow at this time in 

these cases may be unreliable. These doubtful results have been included and marked in the 


figures. 
RESULTS 
_ The changes in estimated hepatic blood flow are shown in Fig. 1, in which 
the results of each individual case are given, including two cases of spon- 
_ taneous faints. In Fig. 2 are shown the average circulatory results of the six 
experiments with induced faints. The metabolic changes observed are shown 
in Figs. 3, 4 and 5. The time at which the maximum fall in blood pressure was 
_ recorded is taken as zero (Barcroft & Edholm, 1945). Fainting may be con- 
_ sidered to start approximately 5 min. before as shown by the bradycardia 
and blood-pressure fall. 

Estimated hepatic blood flow (£.H.B.¥.) usually fell steadily when venous 
occlusion of the thighs or haemorrhage was started (Fig. 2). This decline in 
_ blood flow began before the blood pressure dropped significantly. At time 0 the 
average hepatic blood flow was approximately 50% of the initial value. 
Thereafter, although blood pressure recovered rapidly, hepatic blood flow 
increased gradually, being 70%, of the initial value 20 min. later. 

There was no significant change in blood-glucose concentrations during the 
period of thigh occlusion and haemorrhage prior to the faint (Fig. 3), but at 
the onset of the faint there was a sudden rise in hepatic venous glucose con- 
centration. In spite of the concurrent drop in £.H.B.F. there was a considerable 
increase in the total hepatic glucose output, although in some experiments 
_ (Fig. 3) there was an apparent transitory drop in hepatic glucose output at 
the time 0. The increased output of glucose by the liver raised the level in 
_ capillary and venous blood, maximum values being reached about 16 min. 
_ after time 0. The blood levels then gradually returned to normal. 
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Fig. 1. Heart rate, beats/min. Systolic and diastolic blood pressure, mm, Hg. Ordin ates 
E.H.B.F, =estimated hepatic blood flow in ml./sq.m./min. Abscissae, time in minutes. In 
this and in all subsequent figures time 0 indicates time of lowest blood pressure. A vertical 
line is drawn through the figure at time 0. The period of venous congestion in the thighs is 
indicated by the hatched blocks [Q, and venesection by open blocks []; the volume 
of blood removed in ml. is indicated in the block. Subjects F.P. and I.D. exhibited spon- 
taneous faints, which occurred during other observations. The reduction in #.4.B.¥. is of the 
same order as in the other cases. Subject ¥.1. fainted a second time as indicated by the 
arrow +. Doubtful results are ringed ©. 
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There was a marked rise in venous lactic acid concentration during fainting 
food a similar but smaller rise in hepatic venous concentration. The values 
“returned to normal _— the recovery phase (Fig. 4). 


The oxygen content of the hepatic venous blood decreased abruptly during 
the faint and rose again in the recovery phase. The total splanchnic oxygen 
consumption was irregular. In some instances there was a slight increase in 
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consumption following the faint (Fig. 5), but this was significant in only one 


case, 
DISCUSSION 


The interpretation of the recorded changes in estimated hepatic blood flow 
depends in part on the effect of alteration in the capacity of the vascular bed 
in the splanchnic area. | 
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E.S.B.F. (ml./sq.m./min.) 


4 3 0 1 0 10 20 
Time (min.) 
Fig. 2. Averaged data from six subjects in whom faints were induced, Time in minutes. 
flow = £.H.B.¥F. in ml./sq.m./min. Oxygen uptake =oxygen uptake in ml./100 ml. blood from 


hepatic vein. Mean blood pressure in mm. Hg. Peripheral resistance in splanchnic area, — 


mean B.P. (mm. Hig) | 


expressed in abitrary units, from formwa peripheral resistance = aus ule 10. 


The bromsulphalein technique, depending as it does on the Fick principle, 
essentially measures outflow of blood from the liver (Bradley e al. 1945). The 
results therefore reflect changes in capacity as well as changes in the rate of 
inflow. However, it is impossible to ascribe the observed diminution of hepatic 
blood flow during haemorrhage to changes in capacity. The average reduction 
in the total volume of blood flowing through the liver during the haemorrhage, 
prior to the faint, amounts to 10-51. If this were to be explained as being due 
to changes in the capacity of the splanchnic organs one would have to suppose 
that they accommodated twice the total blood volume, which is absurd. 
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Indeed, animal ‘experiments show that haemorrhage reduces splanchnic 
capacity (Davis & Jermstad, 1939). If such an alteration occurred in our 
experiments, the actual reduction of the hepatic inflow would have been 
greater than that observed. 

On the other hand; an increase in capacity during fainting may ‘nie taken — 
place owing to vasodilatation (q.v.), so the hepatic inflow may have been 
greater at this time than that recorded. All changes in capacity can, however, 
only exert a transitory effect on the calculated hepatic blood flow, since 
equilibrium between inflow and outflow will be quickly established. 

The changes recorded in hepatic blood flow were consistent, and similar 
changes were observed whether fainting was induced by haemorrhage or was 
spontaneous. These results indicate a fall in hepatic blood flow during fainting 


{and are in keeping with the observations of Grayson & Swan (1951), who 


found that during fainting there was a marked and persistent drop in tem- 
perature both in the rectum in normal subjects and in the colon in a subject 
with a colostomy. They have interpreted their results as showing that there is 
a fall in intestinal blood flow during fainting which persists for some time. 
The fall in estimated hepatic blood flow is consistent with the drop in the 
oxygen content of the hepatic venous blood. Moreover, there was a rise in 
the peripheral venous level of bromsulphalein indicating a diminished removal 
rate by the liver which could also be explained by a fall in hepatic blood flow. 
The recovery phase is initiated by release of the thigh cuffs, so causing 
a return of the trapped blood into the general circulation. During this period 
the blood pressure rises rapidly, but the estimated hepatic blood flow remains 
low, and on the average only rises slowly towards the control level. Further 
information can be obtained by studying the changes in local peripheral 


resistance of the splanchnic bed. 


The changes in hepatic blood flow have been compared with those of blood 
pressure, and local peripheral resistance of the splanchnic bed has been 


calculated from the formula 


Mean (mm. Hg) 


Resistance = “low (ml./min.) 


where mean blood pressure is the arithmetic mean of systolic and diastolic 


blood pressure. 
The blood pressure was measured with: a sphygmomanometer, which gives 


‘unreliable readings when the blood pressure is very low. Diastolic pressures 


were often unobtainable at time 0, and the systolic pressures recorded were 
probably too low. The calculated local peripheral vascular resistances at 
time 0 are therefore subject to error. However, accurate blood-pressure 
measurements during fainting which have been made using a Lilly manometer 


(Cooper, Edholm, Peterson & Pugh, 1950, unpublished) indicate mean pres- 
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Fig. 3. Blood-glucose changes. Individual curves from five subjects and the averaged data. In 
this and subsequent figures the period of venous congestion in the thighs is indicated by the 
hatched blocks and venesection by open blocks (]; the volume of blood removed 
in ml. is indicated in the block. H.G.0. =hepatic glucose output (mg./sq.m./min.), Hg, =he- 
patic venous glucose concentration (mg./100 ml. blood). Cg, =capillary glucose concentration 
(mg./100 ml. blood). Subject F.L. fainted a second time as indicated by the arrow +. 
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sures at time 0 similar to those recorded in this paper. The error therefore due 
to the use of the sphygmomanometer is unlikely to be so great as to invalidate 
the general conclusions. 

The percentage changes in peripheral resistance are shown in Fig. 6 and the 
averaged changes are shown in Fig. 2. 

Splanchnic vascular resistance increased during the period of venous 
occlusion and haemorrhage, indicating a vasovonstriction. When fainting 
occurred there was a sudden vasodilatation, as shown by the fall in the 
calculated vascular resistance. This was followed by a rapid rise during the 


recovery phase which was maintained well above the control level for at least 
30 min. (Figs. 2 and 6). | | | 
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\ Fig. 3b. For legend see p. 448. 


These changes in the splanchnic vessels can be compared with those in 
muscle blood vessels. In both vascular areas there is a sudden vasodilatation 
at the time of fainting. The splanchnic vasodilatation is not so dramatic as 
_ that in muscle vessels, but since it occurs in such a large vascular bed it must 
_ play a significant part in the fall in total peripheral resistance (Barcroft et al. 
1944). The rapid onset of constriction of the splanchnic vessels after fainting 
is in contrast to the behaviour of the muscle vessels, in which no after-con- 
, _ striction is observed (Edholm, 1949). 

The metabolic changes could be attributed to Various factors. Lennox, 
Gibbs & Gibbs (1935) observed that during syncope there was a marked fall 
, in the oxygen saturation of the internal jugular blood, so that the oxygen 
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tension in the brain also fell considerably. It is possible that this central 


anoxia may play a part in the stimulation of liver glycolysis resulting in a rise 
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Fig. 4. Lactic acid changes in hepatic venous and peripheral venous blood. Individual curves 
from four subjects. H,,=hepatic venous lactic acid concentration (mg./100 ml. blood). 


V,, =peripheral venous lactic acid concentration (mg./100 ml. blood). peck coders fainted 
a second time as indicated by the arrow +. 


in blood-glucose concentration (Van Liere, Stickney & erent 1948). In 
the present series splanchnic oxygen consumption was not decreased during 
fainting, but the oxygen content of the hepatic venous blood fell to a low level 
and therefore the mean oxygen tension in the liver cells must also have de- 
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subjects with induced faints. So,=splanchnic oxygen consumption (ml./sq.m./min.). 
A.-Vo, =arterio-venous oxygen difference; expressed as difference between oxygen uptake 
of hepatic venous and arterial blood in ml./l. Subject F.L. fainted a second time as indicated 
by the arrow +. Doubtful results are ringed O. 
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creased. ‘It is possible that this local fall in tension may be a factor in the 


increased glycolysis, as has been shown to occur in rat-liver slices (Bendall 
& Lehmann, 1941). 

Cannon (1929) emphasized the role of adrenaline in stress, and it has been 
shown that adrenaline causes the release of glucose from the liver and lactic 
acid from muscle (Cori, 1931; Hildes, Sherlock & Walshe, 1949; Bearn e al. 
1951), both observed effects of fainting. Recent work has shown that stimula- 
tion of the adrenal medulla and of adrenergic nerves releases. a mixture of 


adrenaline and noradrenaline, with a predominance of noradrenaline (Biilbring 


& Burn, 1949). 


L. S. 
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Fig. 5b. For legend see p. 453. 


Barcroft & Edholm (1945) concluded that adrenaline was not released 
during fainting, as the vasodilatation in muscle vessels was completely 
accounted for by vasomotor activity. It has also been shown, contrary to 
previous views, that adrenaline infusion considerably increases splanchnic 
blood flow in man (Bradley, 1946; Bearn e¢ al. 1951). This action of adrenaline 
is in marked contrast to the diminished blood flow observed in fajnting. It is 
difficult, therefore, to attribute the changes in blood glucose and lactic acid 
concentrations observed to the action of adrenaline. Noradrenaline, on the 
other hand, diminishes splanchnic blood flow and increases the blood-glucose 
concentration slightly, but lactic acid concentration is not affected to a detect- 
able degree (Bearn et al. 1951). Noradrenaline cannot, by itself, be responsible 
for the changes during fainting. It is clear, however, that a mixture of adrena- 
line and noradrenaline might produce changes similar to those described above. 
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The role of the posterior pituitary must also be considered. It has been shown 
(Brun, Knudsen & Raaschou, 1945; Taylor & Noble, 1950) that considerable 
amounts of antidiuretic substance are present in the urine after fainting, and 
this appears to be identical with the posterior pituitary hormone. Intravenous 
injection of pituitrin in man produces some of the phenomena observed during 
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Control Before Fainting Recovery 


A Fig. 6. Percentage change in peripheral resistance. The average control value in each subject is 


calculated as 100% and individual values plotted in relationship to the control figure. Two 
values taken from each subject before fainting and during fainting, and three values during 
recovery. The average value in each column is indicated by the horizontal line. 


and after fainting (Sunahara, Duncanson & Edholm, 1949). Preliminary 
observations in man show. that estimated hepatic blood flow decreases with 
intravenous pituitrin in doses of 2 units, the decrease persisting for some time 
(Bearn, Billing & Sherlock, 1950, unpublished). Wiggers, Opdyke & Johnson 
(1946) have shown that pitressin very greatly increases mesenteric resistance, 
and the long-lasting splanchnic vasoconstriction observed after faintng may 
therefore be due to the secretion of posterior pituitary hormone. : 
30— 
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Pitressin in large doses can cause hyperglycaemia in man (Lawrence & Hew- 


lett, 1925), and an increase in the blood lactic acid concentration has been 
observed in animals (Geiling & Delawder, 1932). However, it has been cal- 
culated that 2-4 units of pitressin are released during fainting (Taylor & Noble, 
1950), and intravenous injection of this amount into man caused a small 
inconstant increase in capillary blood-glucose concentration, while blood 
— lactic acid did not rise (Bearn et al. 1950, unpublished). It is unlikely, therefore, 
that the metabolic changes are influenced by the secretion of posterior pituitary 


hormone, for the rises in blood glucose and lactic acid are too large to be | 


explained in this way. 
It is therefore impossible to ascribe the circulatory and metabolic changes 


resulting from fainting to the action of any one mechanism. The present. 


evidence is inadequate to enable definite conclusions to be drawn. 
SUMMARY 

1. Fainting was induced in six subjects by the application of venous 
occlusion cuffs to the thighs with or without additional venesection. In two 
other subjects fainting was spontaneous. Using the hepatic vein catheteriza- 
_ tion technique, changes in hepatic blood flow, in hepatic output of glucose and 
capillary blood-glucose concentration, in blood lactic acid concentration and 
in splanchnic oxygen consumption were determined. 

2. During the period of haemorrhage splanchnic blood flow diminished and 
there was evidence of splanchnic vasoconstriction. At the time of fainting 
splanchnic blood flow fell, but there was an apparent splanchnic vasodilatation. 
This was followed by a further period of splanchnic vasoconstriction. Splan- 


chnic blood flow remained low even when the systemic blood pressure had 


returned to normal values. 


3. Hepatic glucose output increased at the time of ees with a resultant — 


rise in capillary blood-glucose concentration. 

4. Peripheral and hepatic venous blood lactic acid concentration increased 
after fainting. 

6. Hepatic venous blood oxygen content diminished greatly at the time 
of fainting, so that despite diminished splanchnic blood flow the splanchnic 
oxygen consumption was maintained. 

6. These results and the possible mechanisms involved are discussed. 


We are indebted to Miss Margot McAdam, 8.R.N., M.S.R.., for timraing and rediological help, 


and to Miss Shirley Looker, B.Sc., for biochemical assistance. We also wish to express our gratitude 
to the subjects. | 
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THE REFLEX ACTIVITY OF MAMMALIAN 
SMALL-NERVE FIBRES 


By CARLTON C. HUNT* 


From the Wilmer Institute, Johns Hopkins Hospital and University, 
Baltimore, Maryland — 


(Received 7 June 1951) 


The efferent fibres to muscle, in the lumbosacral outflow of the cat, show 
a diameter spectrum with two distinct groups. The large fibres are gathered 
about a peak of 10-12,., while the ‘small-nerve’ group has a distribution peak 
near 5-6. (Eccles & Sherrington, 1930). Recent studies have shown that 
these efferent fibres can be functionally separated into two categories corre- 
sponding to the diameter groups (Kuffler, Hunt & Quilliam, 1951; Hunt & 
Kuffler, 1951a). The larger fibres, conducting at rates above 50 m./sec., set up 
the characteristic motor-unit twitch response in ordinary muscle fibres. In 
contrast, the smaller fibres, conducting at 15-50 m./sec., innervate exclusively 
the muscle spindles and, by excitation of the intrafusal muscle fibres within 
the spindle, regulate the sensory discharge from these end-organs. 

The discharge from sensory endings in muscle spindles is principally 
governed by two factors which always interact, namely external stretch to 
muscles and a nervous control mediated via the small-nerve fibres. By means 
of the latter the afferent spindle discharge can be finely graded, through 
a process of facilitation, by the number and frequency of impulses reaching 
the spindle over individual small-nerve fibres. Further, since each spindle 
- receives up to five or more small-nerve fibres, variation in the number of 
active small-nerve fibres provides additional regulation. Another factor to be 
considered is the distribution of individual small-nerve fibres within a muscle. 
Each small-nerve fibre, by branching, innervates several muscle spindles so 
that activity in such a fibre can influence the sensory discharge in a number 
of afferent fibres from different spindles. In the lumbosacral ventral roots of 
cat, approximately one-third of the fibres are concerned with this exclusive 
- function of spindle regulation (for details see Kuffler et al. 1951; Hunt & 
Kuffler, 1951a). The participation of the small-nerve fibres in reflex activity 
has not previously been investigated. This is the scope of the present paper. 

* Senior Fellow of the National Research Council. 
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METHOD 


Mow: of the techsiques weed tn study boon folly described in previous papers Cats 
under preliminary ether anaesthesia were decerebrated or made spinal by section through the 
atlanto-occipital membrane. The exposure of the spinal cord or hind-limb muscles was made so 
as to allow elevation of skin flaps, which retained a pool of paraffin oil kept at 37-39°C. For 
recording, the nerves or spinal roots were raised into the oil on to platinum electrodes. 


RESULTS 

Identification of small-nerve ro 
The differentiation of impulses travelling in efferent fibres belonging to the 
large- or small-nerve group was made on the basis of potential size. The 
relative size of large- and small-nerve impulses in a given nerve branch or 
ventral root filament was found a valid criterion for identifying these two 


: types of nerve fibres. It is well known that the conduction velocity and 


potential size are related (Gasser & Grundfest, 1939). However, no close 


correlation was necessary in this study because it sufficed to separate the 


majority of small- and large-nerve fibres which have widely separated peak 


conduction velocities (about 30 and 75 m./sec.). There are relatively few fibres 


in the intermediate range between these two groups, and consequently there. 
are few fibres which cannot be clearly identified on this basis. 

The validity of relating potential size to conduction velocity and diameter 
is demonstrated in Fig. 1. This shows the impulses recorded from the tenuis- 
simus nerve on stimulation of ventral root filaments containing one fast and 
one slow conducting fibre to that nerve (velocities of 92 and 30 m./sec.). From 
the direct relationship of fibre diameter and conduction velocity (Gasser & 
Grundfest, 1939; Hursh, 1939) one may calculate that these fibres had approxi- 
mate diameters of 15 and 5. The difference in the potential size is clear. The 
absolute magnitude of the potentials varied with the size of the nerve branch 
or root filament and the associated amount of shunting as well as with the 
particular leading conditions. 

A further confirmation of the validity of the present method for determining 
relative fibre size is provided by the experiment shown in Fig. 2, using the 
tenuissimus muscle. The upper of the two main nerve branches was cut and 
its central end placed on recording electrodes. Most of the small-nerve fibres 
and many of the large ones divide into both branches, so that the efferent 
activity recorded in thé upper branch is a representative sample of nerve 
impulses which also passed into the intact lower branch. Another pair of 
electrodes was placed on the lower portion of the muscle, In the ‘resting’ 
condition there was a ‘background’ efferent discharge in a nerve fibre giving 

a ‘small’ potential. There were no muscle impulses set up at this time (A). 
When the ipsilateral foot was touched (above the pad), the discharge frequency 
of the small unit increased and, in addition, a nerve fibre giving a larger 
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150 pV. 


Fig. 1. Recording from nerve to tenuissimus. Stimulation of single large and small fibres in ventral 
root filament. Note difference in potential size. Fibre giving larger potential conducted at 
92 m./sec., the smaller at 30 m./sec. This corresponds to fibre diameters of 15 and 5. Time 
scale, 1000 cyc./sec. Conduction distance 11 om. 


Fig. 2. Spinal cat. Simultaneous recording from central end of cut upper nerve branch to tenuis- 
simus and from lower end of muscle with intact innervation. Note difference in amplification. 
A: baseline in ‘resting’ state. Note discharge in nerve giving impulses of small potential 
while no potentials are recorded from the muscle surface. B: ipsilateral foot touched. Small- 
nerve discharge increased and activity set up in fibre giving large potentials. Each large-nerve 
impulse is accompanied by propagated potentials recorded from the muscle surface. C: contra- 
lateral foot touched. Background small-nerve discharge completely inhibited. Diagram 


illistrates leading conditions. 
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potential was caused to discharge (B). Each larger nerve impulse was accom- 


_ panied by a muscle action potential and visible twitches (B). This approach 


was also used on other muscles, and it furnishes additional evidence that the 
large- and small-nerve fibres can be identified by potential size; it is in agree- 
ment with the finding that impulses in large efferent fibres uniformly set up, 
twitch responses and propagated muscle impulses, while the small-nerve 
fibres produce no detectable contraction in ordinary muscle fibres (Kuffler et al. 
1951). It should be pointed out that while the potential size method was quite 
adequate for the purpose of the present experiments, it is probably not useful 
for distinguishing small differences in fibre diameter. 

In using potential size as an index of fibre diameter the following factors 
have also to be considered. If there is injury to the nerve, so that the impulse 
approaches but does not reach the first recording electrode, the potential 


| height of that impulse may not serve as an index of conduction velocity and 


fibre size. Thus, a large fibre impulse which does not reach the leading electrode 
may produce a potential of less amplitude than a small fibre which does. By 
shifting the recording position and by laying a variable length of nerve against 
the tissue, such misleading conditions could be recognized. Careful avoidance 
of injury and the use of naturally occurring nerve branches or ventral root 
bundles obviated this difficulty. 
An occasional difficulty in recording from muscle nerve branches was the 


presence of persistent injury discharges. These had the characteristics 


described by Adrian (1980), and usually consisted of high-frequency discharges, 
often grouped. Equilibration of the paraffin oil with 5% CO, and 95% O,, 


_ prior to its use, reduced the occurrence of injury discharges, and they could 
_ further be reduced by removing the sheath from the nerve and by the applica- 


tion of novocaine to the cut end; these procedures, however, were usually 
not necessary. When present, injury discharges could be differentiated from 
efferent impulses from the spinal cord by reflex modifications of the latter. 


Background discharge of small-nerve fibres 
The small-nerve fibres to both flexor and extensor muscles of the hind-limb 
showed a considerable discharge with the limb in its ‘resting’ position. This 
activity was similar in spinal and decerebrate preparations. The proportion 


- of small-nerve fibres showing this background activity is not known but 


depends on a number of factors (below). However, even with the limb in 
a neutral position and without any further stimulation, a ‘resting’ discharge 
appears to be present in ‘a large fraction of the small-nerve outflow. Occasion- 
ally a small-nerve fibre was found which showed little or no background 
activity but could be made to discharge by reflex stimulation. Usually 
however, these efferent fibres had a background discharge at frequencies of 


10-60/sec. This was determined in muscle-nerve branches or in small filaments 
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of ventral roots showing discharges recognizable as single units (see below) 
The resting discharge could be increased to frequencies over 100/sec, or 
completely inhibited by reflex stimulation (see below). 

The background activity of small-nerve fibres to hind-limb muscles depended 
on the flow of afferent impulses to the lumbosacral cord. Thus, when the dorsal 
roots to both sides of this region were cut, the small-nerve activity was 
abolished. However, sectioning the spinal cord in the upper lumbar region 
or cutting the dorsal roots on only one side did not abolish the activity. 
The afferent inflow responsible for maintaining the small-nerve discharge 
appears to come from skin and other structures as well as from muscle (see 
below). 

These findings show that normally there is a considerable discharge in 
efferent fibres to muscle spindles. This activity forms an integral part of the 
spinal cor reflex pattern. The effect of small-nerve impulses on the sensory 
discharge from spindles is now well established; such a background activity 
will clearly modify the level of discharge and the response of muscle spindles 
to external stretch (see discussion). 

The reflex modification of the activity in small-nerve fibres to flexor and 
extensor muscles has been considered separately for convenience. It should 
be noted that the recording of activity in these fibres requires rigid fixation of 
a considerable portion of the limb under study, i.e. at the hip and knee joint. 
In addition, the skin over the exposed area, elevated to form a pool con- 
taining paraffin oil, provided an area of abnormal sensory discharge. This 
could be avoided by denervating that region, but both factors may sarc 
influenced to some degree the reflex response of the limb, 


Reflex modification of small-nerve 
Small-nerve actwity to flecor muscles. The tenuissimus muscle was used to 


sample the efferent activity to a flexor muscle. This long, thin muscle lies 


between the hamstring muscles and participates in the flexor reflex. Fig. 2 
shows the background small-nerve discharge recorded from the upper nerve 


branch to this muscle (A). As noted above, this discharge did not evoke 


propagated muscle impulses or muscle contraction. Squeezing the ipsilateral 
foot increased the small-nerve discharge and evoked large fibre discharges, 
in turn producing muscle action potentials (B). Similar stimulation of the 
contralateral foot completely inhibited the baseline small-nerve activity (C). 
The following features were characteristic of the small-nerve discharge pattern 
to flexor rauscles, namely: (a) during the flexor reflex an increase in small- 
nerve activity always accompanied discharges in large fibres; (b) when the 
crossed. extensor reflex’ was evoked, the background small-nerve activity 
was inhibited. These features were more readily seen in spinal preparations. 
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_ By grading the stimulus producing the flexor reflex, it was often possible to 
- elicit an inorease in the small-nerve activity to the tenuissimus before large- 


nerve discharges were evoked. Fig. 3 illustrates such a response, together with 
its effect on the afferent discharge from the muscle. This muscle was sufficiently 
thin that, when suspended in paraffin oil, sensory impulses travelling in the 
nerve within the muscle could be recorded by electrodes placed on its surface 
(A). Such discharges responded to stretch of the muscle and, in large part, 
must have arisen from muscle spindles. Another pair of electrodes (B) 
recorded the efferent discharge in the upper nerve branch, and provided 


Fig. 3. Spinal preparation. Simultaneous recording from lower end of tenuissimus muscle (A), 


and from its cut upper nerve branch (B). Both at high amplification. Sensory impulses 
travelling in the intramuscular nerve could be recorded while leading from the surface of 
this thin muscle (A). Left: resting condition, background discharge in muscle afferents (A). 
There y an occasional small-nerve efferent discharge in the nerve branch (not recorded). 
Right: fipsilateral foot touched above the pad. Recording from nerve branch now shows 
a small-nerve discharge at 30/sec. associated with an increased sensory discharge from the 


muscle (A). Same muscle tension. Stronger pressure to the foot evoked a discharge in large — 


efferent fibres and contraction of the muscle (not shown). Scheme shows recording conditions. 


a sample of the discharge passing into the intact lower nerve branch. The 
sensory activity recorded from the lower part of the muscle showed a steady — 


discharge from stretch receptors at this particular external tension (A, left). 
Under these conditions there was only an occasional small-nerve impulse 
recorded from the muscle nerve (not illustrated). Light touch to the skin of 
the ipsilateral foot produced a maintained discharge in a small-nerve fibre 
with a frequency of about 30/sec. (B, right). Accompanying this small-nerve 
activity there was a striking increase in the sensory discharge recorded from 
the muscle, No muscle contraction occurred and the muscle remained at the 
same resting tension. The increased sensory discharge must therefore have 
come from muscle spindles which were innervated by the reflexly activated 
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small-nerve fibres. Heavier touch to the same area of skin set up discharges 
in large efferent fibres and consequent muscle contraction. It may be significant 
that the small-nerve discharge could often be reflexly activated by a less 
intense stimulus than that which produced excitation of large efferent 
fibres. 

The small-nerve activity to flexor muscles was increased by stimulation of 
ipsilateral skin nerves and also of smaller muscle afferents (Lloyd’s group I1). 
Thus, it appears that the efferent nerve fibres to muscle spindles are activated 
together with the large twitch-producing nerve fibres when the flexor refi 
is produced by a number of patterns of afferent stimulation. : 

Small-nerve activity to extensor muscles. Branches of the nerves to the 
gastrocnemius were usually employed to record the activity of efferent fibres 
to an extensor. A small branch was cut as near to the muscle as possible and 
its central end placed on recording electrodes. This left the major portion of 
the innervation to the muscle intact. Injury discharges were sometimes 
persistent in preparations from this nerve but could be distinguished from 
efferent nervous activity (see above). 

There was a considerable background small-nerve discharge to this muscle 
similar to that seen in flexor muscles. This activity, in spinal preparations, 
contrasted with the absence of discharge in large efferent fibres until the muscle 
was stretched. The background small-nerve discharge could be reflexly altered 
in various ways. Perhaps the most striking modification was produced by 
a noxious stimulus to the same foot (such as a sharp prick to the skin or deep 
pressure) which produced an inhibition of the small-nerve discharge often 
_ sufficient to silence it completely. This inhibition of small-nerve activity to an 
extensor during the flexor reflex is the reciprocal of that occurring in flexor 
muscles (see ‘above). 

When the opposite hind-limb was subjected to a noxious stimulus, extension 
was produced in the limb under study. Accompanying this were discharges 
in large efferent fibres to the gastrocnemius and also an increase in the small- 
nerve discharge above the baseline level. This is the converse of what has been 
noted in flexor muscles during the crossed extensor reflex. The above patterns 


were seen most easily in spinal preparations in which the flexor reflex is readily _ 


elicited. There seems, then, a certain coupling of large- and small-nerve reflex 
discharges following these well-known reflex patterns. 

Decerebrate preparations were useful in showing other reflex patterns which 
influenced the small-nerve discharge to extensor muscles. The efferent discharge 
differed from that in spinal cats by showing some impulses in large nerve 
fibres to extensor muscles and consequent activity of motor units, even with 
the limb in its resting position. This activity could easily be increased by 
stretch. On the other hand, the small-nerve discharge had approximately the 
same background activity as in spinal cats. Modification of the small-nerve 
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discharge during the flexor and crossed extensor reflex was similar in spinal 
and decerebrate cats. 


150 pV 


Fig. 5 


Fig. 4. Decerebrate cat which showed spontaneous fluctuations in degree of extensor rigidity. 
Recording from central end of small branch of gastrocnemius nerve. A: limb stiffly extended. 
Note discharges in large efferent fibres and activity in small-nerve fibres. B: limb relaxed. 
Only efferent discharge in one small-nerve fibre remains. C: just prior to the return of rigidity, 
small-nerve activity increased. D: limb rigidly extended. Large efferent fibres again dis- 
charge, associated with considerable small-nerve activity. Note difference in potential size. 
Time scale, 100 cyc./sec. 

Fig, 5. Decerebrate preparation. Recording from small branch of gastrocnemius nerve. A: ankle 
in resting position, gastrocnemius under slight tension. Note background small-nerve 
discharge. B: ankle extended, muscle under less tension. Small-nerve activity increased— 
C: ankle flexed, gastrocnemius under considerable tension. Small-nerve activity reduced 
while discharges were evoked in large efferent fibres. Note difference in potential size. The 
leg was denervated except for the nerve to the gastrocnemius. Time scale, 100 cyc./sec. 


A further indication of the probable organization of discharge patterns is 
provided by decerebrate preparations showing periodic fluctuations in the 
degree of extensor rigidity. Fig. 4 shows a record of the efferent activity to 
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a gastrocnemius branch in such @ preparation. When the limb was i tigidly 
extended, there was a considerable discharge in both large and small efferent 
fibres to the muscle (A). As the rigidity decreased, the activity in both types 
of fibre was reduced until only a single small-nerve fibre showed a discharge 
(B). The limb gradually became rigid again, and it seems significant that the 
resumption of small-nerve activity (C) preceded that in the large fibres (D). 

This may be related to the finding that, by graded reflex stimulation, activity 
in small-nerve fibres may frequently be increased without producing large 
nerve discharges (see above). While the nature of the spontaneous fluctuation 
of rigidity is not known, it again serves to illustrate that increased small-nerve 
activity accompanies the discharge in large efferent fibres in many types of 


 reflexly induced contraction. 


In several decerebrate preparations a reflex response in the efferent fibres 


to the gastrocnemius could be elicited which appears to be related to the 


extensor thrust response. In these cases stroking the foot pad, with simul- 
taneous slight extension of the toes, set up a discharge in large efferent fibres 
and increased the small-nerve discharge to the gastrocnemius. As in other 
instances of evoked reflex activity, the stimulus could sometimes be graded 
so as to produce only the increase in small-nerve discharge. 

Some observations were also made in decerebrate cats on the effect of move- 
ments of the head on the efferent discharge to the gastrocnemius. When 
extension of the limb was produced, for example by flexing the head, the 
large nerve discharge was accompanied by an increase in small-nerve activity 
to this muscle. Such responses were most prominent during phasic movement 
of the head. 

In all the reflex patterns mentioned above, the increase in small-nerve 
discharge was seen to occur together with the discharge in large efferent fibres. 
This would have the effect of altering the spindle response, during contraction 
of the muscle, so as to lessen the effects of muscle shortening on the spindle 
response (see discussion). 


Effect of muscle stretch on the small-nerve discharge 
_ The small-nerve discharge to either flexors or extensors was altered by the 
external stretch on the muscle. An example is shown in Fig. 5, recorded from 
a branch of the gastrocnemius nerve in a decerebrate cat. The limb was 
denervated except for the nerve to the gastrocnemius. The background small- 
nerve discharge, with the muscle slightly stretched, is shown in A. When the 
muscle was passively shortened by extending the ankle joint, the small-nerve 
discharge increased (B), while stretching the muscle (C) markedly inhibited this 
activity and brought in large fibre discharges. Similar inhibition of the back- 
ground small-nerve discharge to the tenuissimus was seen when that muscle 
was stretched. Such effects could also be demonstrated when recording from 
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ventral root filaments. Thus, Fig. 6 shows recordings from two filaments 
containing active small-nerve fibres (spinal cat). The limb had been denervated 


except for the gastrocnemius nerve. In A, the small-nerve fibre had a baseline 


discharge frequency of 20/sec., which was increased threefold by touching the 
opposite foot. Stretching the gastrocnemius muscle inhibited the discharge, 
reducing the frequency to 10/sec. From the pattern of reflex alteration of the 


1 
2 


Fig. 6. Spinal cat. Recording from two different ventral root filaments. A: filament showing 
activity in one small-nerve fibre; 1, baseline discharge; 2, touching opposite foot increases 
discharge frequency; 3, stretching gastrocnemius inhibits small-nerve activity. B: filament, 


with small and large fibre discharge. 1, baseline showing small-nerve activity; 2, stretching © 


gastrocnemius inhibits small-nerve discharge and evokes discharge in large fibre. Dorsal 
roots intact. Leg of same side denervated except for nerve to gastrocnemius. Time scale 
100 cyc./sec. 
discharge one may assume that this fibre innervated an extensor muscle. 
In B, another filament showed a baseline discharge in two small-nerve fibres. 


Stretching the gastrocnemius muscle abolished the small-nerve discharges — 


and produced activity in a large efferent unit. The difference in potential size 
can be clearly seen. Regulation of small-nerve activity by the amount of 
stretch on the muscle provides a mechanism for alteration of the spindle 
response at different muscle lengths (see discussion). 


DISCUSSION 


Muscle spindles have long been known to receive a separate sensory and motor 
_ innervation (see Hinsey, 1927, for references). The reflex function of this 


efferent innervation has been suggested (Leksell, 1945), but no experimental 
approach to this problem has so far been possible. The pattern of the afferent 
discharge from muscle spindles, particularly in relation to contractile events 
in the muscle, was shown by Matthews (1933) who found that the discharge 


| - frequency from spindle receptors diminished during contraction of the muscle. 


This results from the parallel arrangement of the muscle spindle with the 
ordinary muscle fibres, so that when the latter contract, stretch is taken off 


the spindle. Matthews also observed certain afferent response patterns which 


he considered to be due to contraction of the intrafusal muscle elements. 
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Recently it has been shown that the group of small diameter ventral root 
fibres to hind-limb muscles in the cat are exclusively concerned with innerva- 
tion of the muscle spindles (Kuffler e¢ al. 1951; Hunt & Kuffler, 1951a). 
Excitation of these fibres, by causing contraction in the intrafusal muscle 


elements, can increase the discharge in afferent fibres from spindles. By + 


recording the activity of the small-nerve fibres coming from the spinal cord, 
the reflex changes in efferent innervation to the spindles have been determined. 
The characteristic effects of small-nerve excitation on the afferent spindle 
discharge are known. Thus, a background discharge in small-nerve fibres at 
frequencies of 20-60/sec., to a muscle under slight external tension, will produce 
a significant increase in the afferent discharge from spindles, particularly when 
several small-nerve fibres to individual spindles are active (Hunt & Kuffler, 
1951a). It is clear that in ‘resting’ muscles, the level of afferent impulses from 
muscle spindles will depend on external stretch and, to a significant extent, 
on the background small-nerve activity. 

If the background small-nerve activity to a muscle is reflexly inhibited, the 
sensory discharge from spindles will be reduced at the same time. For instance, 
the activity in small efferent fibres to an extensor muscle is markedly inhibited 
during the flexor reflex. A decrease in the afferent spindle discharge from the 
extensor will follow, and this will affect the reflex activity of the muscle. This 
peripheral influence on the reflex level will interact with the primary changes 
produced centrally by the flexor reflex. 

The following factors are of importance in considering the reflex function 
of the small-nerve fibres and their consequent effect on the afferent discharge 
from spindles. The discharge frequency from such afferent endings decreases 
during contraction even when the muscle is held isometrically. The more 
external shortening is permitted the greater the decrease in stretch on the 
spindle during contraction. In this regard it has been shown that the decrease 
in afferent spindle activity during a tetanic contraction of the muscle can be 
prevented by suitable simultaneous stimulation of small-nerve fibres (Hunt & 
Kuffler, 1951a). Contraction of the intrafusal muscle fibres can take up the 
‘slack’ in the spindle which results from muscle shortening. However, the 
small-nerve activity will be effective in this regard only when muscle shortening 
is not great. If the muscle shortens isotonically, small-nerve stimulation is 
ineffective in preventing the cessation of afferent spindle discharge. Thus, in 
spite of the compensating small-nerve activity the amount of muscle shortening 
during contraction will be the factor controlling the afferent discharge from 
spindles whenever appreciable shortening is allowed. In this manner a ‘cut-off’ 
mechanism is provided. The regulation of the afferent spindle discharge by 
small-nerve activity would be of most importance during maintained contrac- 


tion at rather steady muscle lengths such as occurs in the maintenance of 
posture. 
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_. The most reasonable interpretation of the increased small-nerve activity 


during muscle contraction is that it acts to compensate for the reduction in 
spindle discharge. It is probably of importance for reflex function to maintain 
a sensory message from spindles proportional to the amount of external 
stretch. Small-nerve activity can provide a mechanism for regulating this 
response under- changing conditions of muscle contraction. This may be 
necessary for the appreciation not only of steady external tension but also 


of increments of stretch. 


While during reflex activity discharges in large- and small-nerve fibres were 


~ usually linked, it has often been noted that the small-nerve reflex alone could 
_ beset up by a weak stimulus. For example, the small-nerve activity to a flexor 


muscle may often be increased by lightly touching the skin without evoking 
large fibre discharges. The latter, however, appear following stronger touch. 


Similar differences in threshold of reflex activation of large and small fibres 


to an extensor has also been seen in decerebrate cats when the foot is stroked 
and the toes extended. Such increases in small-nerve activity alone would be 
expected to influence the excitability of the reflex arc involving that muscle, 
by producing a greater afferent discharge from muscle spindles. However, 


- the importance of these threshold differences is not clear. 


The activity of small-nerve fibres to a muscle can be varied by the amount 
of external tension on the muscle. When the muscle is pulled upon the discharge 
in efferent fibres to its spindles is reduced. On the other hand, allowing the 
muscle to shorten passively increases its small-nerve activity. This regulating 
mechanism would tend to maintain the response of the sensory ending, 
particularly to increments of stretch, at varying muscle lengths. It is not 
known what type of stretch afferent produces the reflex inhibition of small- 
nerve activity when a muscle is stretched, i.e. whethér tendon organ or spindle. 

While certain specific reflex patterns affecting small-nerve activity have 
been found, it should be emphasized that in normal function the discharge in 
these fibres will be regulated by afferent impulses from skin, muscle and prob- 


ably other deep structures of both limbs. Alterations in the afferent flow from 


this variety of receptors, such as would occur during postural changes, will be 
integrated to adjust reflexly the small-nerve activity to different muscles. In 
particular, certain patterns of skin receptor stimulation may be of importance. 

The location of the cell bodies of the small-nerve fibres and their central 
connexions are not known. It is apparent that these fibres do not arise as 
collaterals from the large fibre neurones, since their discharge patterns are 
different. The small-nerve activity reflects a diffuse organization in that 
afferent impulses arising from a variety of structures over a large area influence 
the discharge. One of the striking contrasts between large and small efferent 
fibres is the frequency of their discharge. Reflexly-evoked discharges in large 
efferent fibres usually have a frequency of 20-40/sec. and may rise to 50-80/sec. 
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(Adrian & Bronk, 1928). The small-nerve discharge shows, in many fibres, : 


‘resting’ frequencies of 20-60/sec. which may be reflexly increased to over 
120/sec. The difference in discharge frequency in these two types of fibres 
may be related to the characteristics of the muscular elements which they 
innervate. Thus, in the soleus muscle, stimulation of its large motor fibres at. 
30/sec. produces a fused tension response at the tendon and further increases 
in stimulus frequency do not increase the tension. However, the small-nerve 
fibres to the same muscle show a progressively greater effect on the afferent 
discharge as their frequency of stimulation is increased so that they are much 


more effective when excited at 100/sec. than at 50/sec. It is likely that | 


intrafusal muscle elements can give discrete contractile increments at fre- 
quencies well above 100/sec. (Kuffler e al. 1951). 

It is interesting to compare the systems of efferent spindle innervation in 
the frog and cat. Katz (1949) has shown that most muscle spindles of frog 
receive efferent fibres which are branches of axons also innervating ordinary 
muscle fibres. During contraction of the muscle, produced by excitation of 
large efferent fibres, the intrafusal muscle elements within the spindle will be 
simultaneously activated. In the cat, axons which innervate ordinary muscle 
fibres have not been found to activate intrafusal muscle elements (Hunt & 
Kuffler, 19516). The more ‘primitive’ system of efferent spindle regulation in 
the frog, which is ‘directly’ coupled to twitch contraction of ordinary muscle 
fibres, contrasts with the independent and more flexible arrangement of spindle 
control in the cat. In both cases, however, there will be a compensation for 
the reduced stretch on the spindle occurring during contraction. 

A comparison may also be made of the function of the small-diameter group 
of efferent fibres to muscle in the frog and the cat. In the frog, small nerve fibres 
produce local, non-propagated contractions apparently in specialized muscle 
fibres leading*to a certain type of muscle ‘tonus’ (Kuffler, 1950). In the cat 


no similar mechanism has been found, and the small-nerve fibres produce no — 


contraction in ordinary muscle fibres. Thus, any ‘tonus’ in mammalian muscle 


depends on activity in twitch-producing large efferent fibres. However, the — 


reflex activity of muscles is modulated by the afferent discharge from muscle 
spindles which in turn are influenced by the small-nerve discharge. By this 
tndirect mechanism the small-nerve system in mammals can alter the state of 


contraction of the muscle and in this regard shows an analogy to the frog 
small-nerve system. 


SUMMARY 

1. The small diameter (3-8y.) nerve fibres to the hind-limb muscles of the 
cat innervate exclusively the muscle spindles and regulate, in a graded manner, 
the sensory discharge from these end-organs: The reflex activity of such small- 
nerve fibres forms an integral part of the spinal reflex pattern and is con- 
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spindles. 
2. A large proportion of small-nerve fibres show a background discharge to 


_ ‘resting’ muscles, usually at frequencies of 10-60/sec. Such small-nerve 


activity will increase the afferent response of the spindle to external stretch. 
8. In a variety of reflex patterns, contraction of a muscle is accompanied 
by an increase in small-nerve discharge. Thus, during the flexor reflex, an 


- increase in the efferent small-nerve activity to a flexor muscle occurs together 
- with discharges in large motor fibres. During the crossed extensor reflex, the 


background small-nerve discharge to flexor muscles is inhibited. The efferent 
activity to extensor muscles during these reflexes shows a pattern which is the 


- yeciprocal of the above. 


4, The increased small-nerve activity during muscle contraction may be 


: expected to compensate for the reduction of the afferent spindle response 
_ which occurs during muscle shortening. This regulation will be most effective 


during sustained muscle contraction when shortening is not great. 


5. The small-nerve reflex discharge is further regulated by stretch from the — 
- muscle itself. When external stretch on a muscle is increased, the small-nerve 
_ discharge to it is inhibited. This provides a mechanism for regulation of the 
_ afferent spindle response when the muscle is at different resting lengths. 


6. In normal function a combination of afferent discharges from skin, muscle 


~ and probably other deep structures will regulate the small-nerve activity to 
_ this regulation. 


author wishes to thank Dr 8. W. or his help and to ecknowledge the 
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THE ACTION OF ENTERAMINE ON 
THE HEART OF MOLLUSCS 


By V. ERSPAMER anp F. GHIRETTI 


From the Institute of Pharmacology, University of Bari, and the 
Biological Centre of the N.R.C., Zoological Station of Naples, Italy 


(Received 8 June 1951) 


‘ Enteramine is a biological amine, probably an indolalkylamine (Erspamer, 
unpublished data), which shows several characteristic colour reactions and 
peculiar biological effects which make it distinguishable from all other known 
tissue products. | | 

The main colour reactions are the coupling reaction in acid and alkaline 
medium with the diazonium salts of p-nitroaniline or sulphanilic acid, the Folin 
reaction, the iodine reaction and similar oxidation reactions, the fluorescence 


reaction in Wood’s light. These colour reactions have recently been further © 


established on the basis of paper chromatographic work (Erspamer & Boretti, 
1950, 1951). 

The main characteristic biological actions of enteramine are as follows: 
a stimulating effect on the isolated atropinized uterus of the rat and mouse in 


oestrus, and stimulation of the isolated atropinized duodenum of the rat and 


the urinary bladder of the dog both in vitro and in vivo; hypotensive action in 
the rabbit (Erspamer, 19405); anti-diuretic action in hydrated rats (Erspamer 
& Ottolenghi, 1950, 1951). 

_ The presence of enteramine has so far been demonstrated by means of the 
above-mentioned colour reactions and biological reactions, as well as by means 
of paper chromatography, in the following extracts: acetone and alcohol extracts 

- of posterior salivary glands of Octopus vulgaris and Eledone moschata (the 

corresponding extracts of Octopus macropus contain no enteramine) (Vialli & 

Erspamer, 1940; Erspamer, 1940a, 1948a), of the hypobranchial body of 

Murex trunculus and M. brandaris (Erspamer, 1948¢,d), of the intestine of Ciona 

intestinalis and Tethium plicatum (Erspamer, 1946), of mammalian gastro- 

intestinal mucosa and spleen (Erspamer, 1946), and of amphibian skin 

(Erspamer & Vialli, 1951). Chromatographic evidence suggests that in all these 


extracts enteramine is an identical and unitary substance (Erspamer & Boretti, 
1951). 


A 
a F 4 
NV 
Ag 
J 
4 
A 
oY 
~ 


FRSES 


[es hepatopancreas, gills musculature; rabbit: mucosa of the undus portion of the stomach; ox: 
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Enteramine may be present in acetone or alcohol extracts in two forms: 


‘form A’ (=active), which shows the characteristic chemical and biological 


reactions mentioned above and which is easily attacked and inactivated by 
aminoxidase; ‘form 1’ (=inactive), which gives the same colour reactions as 
‘form A’ but is biologically inactive in all the tests hitherto tried and is also 
resistant to aminoxidase (Erspamer, 1942a, 1943). ‘Form I’ may be converted 
into the active ‘form A’ by heating at pH 7-10 in a boiling water-bath 


' (Erspamer, 19426). The existence of ‘form I’, and its convertibility to ‘form A’, 


has recently been confirmed in a particularly convincing manner by means of 
paper chromatography (Erspamer, unpublished data). 

Extracts of the salivary glands of Octopoda contain a number of pharmaco- 
logically active substances, such as histamine, acetylcholine, tyramine, 
moschatine, octopamine and enteramine (Erspamer, 19486; Erspamer & 
Boretti, 1951). Hypobranchial extracts of Muricidae also contain at least two 
active substances, namely murexine and enteramine. Amongst these, entera- 


_ mine has attracted our particular attention because of its marked action on the 


heart of several species of molluscs, especially the heart of Helix pomatia. The 
study of these cardiac actions seems to us particularly interesting because of its 
connexion with the problem of humoral control (neuro-humoral or hormonal) 
of cardiovascular functions in molluscs—a problem which hitherto has received 
insufficient attention. 

In the first part of this paper we describe the actions of extracts of the 
salivary glands of Octopus vulgaris and Eledone and of other extracts on the 
isolated heart of Helix, Octopus vulgaris, and a number of other species. In 
the second part of the paper, evidence is presented to show that enteramine is 
the substance mainly responsible for the cardiac effects produced. 


METHODS AND MATERIALS 


- The isolated heart (ventricle) of Helix pomatia, Murex trunculus, Murex brandaris, Dolium galea, 


Octopus vulgaris, O. macropus, Eledone moschata, Ostrea edulis and Aplysia limacina was used. 
The heart of Helix, Murex, Dolium and Aplysia was isolated by the method described by 
Jullien (1986) and suspended in a small nutritive bath (4-5 ml.) of Carnot’s liquid (Helix) or sea 
water (the others). The heart of Octopoda was, on the contrary, suspended by a method 
analogous to that used for the frog heart: a Straub’s cannula was introduced through one of 
the atria, all the vessels which open into the ventricle having been ligatured first. The bath was 
oxygenated by bubbling air through it. Procedures for differentiating the various active substances 
contained in these extracts have been described elsewhere (Erspamer, 1948a, d). Before use, the 
solvent was evaporated under reduced pressure and the residue taken up with the nutrient liquid. 
The following acetone extracts were tested: Octopus vulgaris and O. macropus: posterior salivary 
glands; Eledone moschata: posterior salivary glands, testis, gut, gills, kidney, hepatopancreas, 
musculature; Murex trunculus: hypobranchial body (medial, branchial and rectal zones), 
hepatopancreas, gonads, musculature of foot; Murex brandaris, Euthria cornea, Vulgocerithiwm 
vulgatum: hypobranchial body; Helix pomatia: lung; Ostrea edulis and Mytilus galloprovincialis: 
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RESULTS 
Extracts of salivary glands of Octopus vulgaris and Eledone 
Action on the isolated heart of Helix 


Introduction of small quantities of these extracts into the bath in which the 
isolated heart of Helix is suspended causes a marked increase in the amplitude 
_ of systolic contractions, an increased frequency, and a rise of tonus (Fig. 1). 


Fig. 1. Isolated Helix heart. At OCT’, the extract obtained from 10 mg. fresh salivary 
tissue of Octopus vulgaris. At x washing out. Time marking, 10 sec. 


Fig. 2. Isolated Helix heart. At Adr,, 2 yg. adrenaline; at Adr,, 5 yg. adrenaline; at Adr,, 15 ug 
adrenaline; at OCT’, the te fresh salivary tissue. At x, 


The effect is usually protracted, depending snieaiiiats on the condition of the 
organ and on the quantity of extract added. After washing witha fresh solution 
the original activity is not completely restored. Asa rule the beat becomes slower 
and in some cases a transitory diastolic arrest occurs. It would seem that the 
heart has been exhausted by the previous administration of the extract. In 
view of this lack of reversibility of action, it is difficult to perform a quantitative 
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"assay. This would only be possible by working with very small doses and can, 
in any case, give only approximate values, 


Very small doses of extracts of salivary glands of Octopus vulgaris and Eledone 
produce only @ positive inotropic action. Bigger doses also produce a positive 
chronotropic and tonotropic effect. If the heart is in good condition it will 


_ respond to a dose of extract corresponding to 10 yg. of fresh salivary gland tissue. 


Comparison with adrenaline and tyramine. According to Boyer (1927), the 


isolated heart of Helix is inhibited by adrenaline. In our experiments adrenaline . 


produced altogether a negligible effect. As Fig. 2 shows, a salivary extract of 
Octopus vulgaris obtained from 0-5 mg. fresh tissue has a much more powerful 
effect than 10-15 yg. adrenaline. Tyramine produces a positive chronotropic 


- and inotropic action. Minimum effective concentrations are of the order of 


10-*. A dose of 100ug. tyramine produces an effect which is about equivalent 


. to that of the extract from 1000 to 1500 yg. fresh tissue, the latter corre- 


sponding to a dry residue of approximately 50-75 yg. 


Fig. 3. Isolated heart of Octopus macropus. At ELED, the extract from 2 mg. fresh salivary 
- tissue of Eledone moschata. At x, washing out. Time marking, 10 sec. 


Action on the isolated heart of Octopus vulgaris, Octopus macropus and Eledone 
moschata 

_ These hearts all react alike to extracts of salivary glands of Octopus vulgaris 
or Eledone, the heart of Octopus vulgaris being probably the most sensitive. If 
a small quantity of extract is introduced into the Straub cannula it produces 
a small increase of systolic contractions, or else it may induce contractions if 
these have previously been absent. They also cause an increase in frequency 
and, in high doses, an increase in tone (Fig. 3). Solutions containing the equi- 


' valent of 1 wg. of tissue in 1 ml. usually produce a marked response, Solutions — 


containing the equivalent of 2-20 mg. tissue/ml. produce a powerful action 
on the heart leading finally to the arrest of the organ in systole. When the active 
solution is replaced by sea water, there occurs an immediate loss of tone and 
a reduction of the amplitude of contractions. Frequently the heart will stop for 
& period in diastole. Repeated introduction of the extract as a rule causes 
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474 V. ERSPAMER AND F. GHIRETTI | 
@ progressive reduction in the sensitivity of the organ, and the higher the dose _ 
the more marked is this reduction and the sooner it occurs. 


If the heart is left in contact with a suitable dose of extract correspond- 
ing, for example, to 0-3-1 mg. fresh tissue/ml., the heart continues to beat, 


apparently until its energy is exhausted. The stoppageispreceded byaprogres- — 


sive reduction of frequency of contractions and by irregularities of rhythm. 
Even more prolonged effects may be produced by perfusing hearts in which the 
_ little genital artery has not been ligated and which therefore continues to drip. 


Thr. dhr. 


50min. 30min. 


40 min. 40 min. 50 min. Onn Soran 30min. 


Fig. 4. Isolated heart of Octopus vulgaris perfused (arrow) with sea water containing, 
per ml,, the extract from 0-5 mg. fresh salivary tissue of O. vulgaris. 

In these cases the heart may continue beating in sea water containing salivary 
extract (1-2 mg. fresh tissue/ml.) for 7-10 hr. (Fig. 4). Also hearts which 
are left im situ for 10-12 hr. at 3° C. in animals removed from water, may begin 
to beat again if perfused with sea water containing 0-1-0-3 mg./ml. salivary 
extract. 

The action of extracts of the salivary glands of 0. macropus on the heart of 
Octopus is 50-200 times weaker than that of extracts from O. vulgaris. 

Comparison with adrenaline and noradrenaline. Whilst adrenaline, as shown 
above, has relatively little action on the heart of Heliz, it produces a marked 
effect in the heart of Octopus. Concentrations of the order of 10-* adrenaline or 
noradrenaline produce a marked stimulation. 0-1 yg. adrenaline has a positive 
inotropic and chronotropic action about equivalent to that of an extract ob- 
tained from 30-50 yg. fresh salivary tissue. Larger doses of adrenaline and 
noradrenaline injure the heart and may damage it irreparably. Extracts of 
salivary glands do not produce this irreparable damage. 
Action on the isolated hearts of other molluscs 


The hearts of Murex trunculus, M. tose 
_ sensitive than the heart of Helix. Murex trunculus, however, will respond to an 
extract from 0-5 mg. of tissue, the response being about equivalent to that — 
given by 100 yg. tyramine and greater than that given by 100 yg. adrenaline. 
Dolium is relatively insensitive, and will respond only to a dose of extract 
corresponding to 1-5 mg. fresh tissue. The isolated heart of Aplysia limacina and 


the heart in situ of Ostrea edulis also responded to the extract of salivary glands 
of Octopus vulgaris. 
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Action on arterioles 


Extracts of the salivary glands of 0. vulgaris and Eledone act also on the 
arterioles of the viscera (e.g. those of the kidney and gills); these are powerfully 
stimulated with reinforcement of contractions, or, if the arterial rhythmic 
activity has weakened or disappeared through keeping the animals out of water, 


_ the extracts cause a renewal of rhythmic contractions. 


Effect of chemical treatment 
_ The stimulant action on the heart of these extracts is completely destroyed 
by treatment with formalin, potassium iodate, nitrous acid, diazonium salts 


_ and benzoyl chloride; it is also abolished by enzymes of the amine oxidase type. 


Fig. 5, Isolated heart of Octopus vulgaris. At V, untreated salivary extract of 0. vulgaris (=1 mg. 


_ fresh tissue); at & and h, 0-5 mil. of a sea-water extract of kidney (k) or hepatopancreas (h) of 
Sepia; at kV and AV salivary extract of O. vulgaris (the same quantity as at V) after treatment 
with kidney or hepatopancreas. extracts of Sepia. At x, washing out. Time marking, 7 sec. — 


Thus, phosphate extracts of mammalian liver or intestine, and sea-water 


extracts of hepatopancreas and kidney of Octopus and Sepia cause inactivation 
of the extracts (Fig. 5). The enzyme activity is cyanide resistant, but is blocked 
by methylene blue and amphetamine. Ultra-violet irradiation destroys activity. 
The extracts are relatively resistant to treatment with n-NaOH (10-20 min. at 
100° C.) and to a lesser degree to treatment with n-HCl. 


Action of other extracts on the heart of molluscs | 
The following also have a remarkable action on the heart of Helix: extracts 


of the hypobranchial body of Murex trunculus and M. brandaris and extracts 


of rabbit gastric mucosa and ox spleen: Compared with extracts of the salivary 
glands of Octopus vulgaris and Eledone, the activity of these four extracts (in 


_ terms of fresh tissue) is roughly 30-40, 5-10, 1-3, and 1-3%. Extracts of 


hepatopancreas and ovary, as well as all other non-salivary tissue extracts of 
Eledone have a negligible action on Helix heart. This action is, moreover, com- 
pletely unspecific, sometimes depressive, at others stimulating. In this latter 
case it is at least 300-500 times weaker than that of Octopus vulgaris salivary — 
extracts (Fig. 6). 
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The stimulating action of the Murex extracts becomes apparent after de- 


struction, by alkali treatment, of murexine, a choline derivative with curariform 
and nicotinic properties (Erspamer, 1948d). Extracts from the median zone of 


the hypobranchial body of M. trunoulus are at least 20 times as active as those © 


of the lateral, branchial and rectal, zones. 


Posterior salivary gland extracts of Octopus macropus possess only a moderate 
stimulant action (less than 1% of that of O. vulgaris) which is also qualitatively 
different from that just described, i.e. it is of a prevalently tyraminic type. 


Fig. 6. Isolated Helix heart. At Sal. the extract obtained from 2 mg. fresh salivary tissue; at 
Ov. the extract fro 100 and 200 mg. fresh ovary tissue; at Liv. the extract from 100 and 


200 mg. fresh hepatopancreas tissue of Hledone moschata. At x, washing out. Time marking, 
10 sec. 


Extracts.of the hypobranchial body of Murex trunoulus and M. brandaris 
possess a stimulant action also on the isolated heart of Octopus. A similar effect 
is produced by extracts of rabbit gastric muscosa and ox spleen. 


Identification of enteramine 
_ The following experimental data suggest that the active principle which 
stimulates the heart of molluscs, is enteramine: 

(1) The field of distribution of the cardiostimulating principle is strikingly 
similar to that of enteramine, both in different animal species and in different 
organs of an individual animal. Indeed, not only extracts of salivary glands of 
Octopus vulgaris and Eledone moschata possess cardiostimulating activity, but 
also extracts of the hypobranchial body of Murex trunculus and M. brandaris; 
as well as, although to a lesser extent, extracts from ox spleen and rabbit gastric 
mucosa. These extracts all contain enteramine (Erspamer, 1940a, b, 1948a, c; 
Erspamer & Boretti, 1950, 1951). All other extracts are quite ineffective on the 
molluscan heart, and all are completely free of enteramine, including the extract 
of posterior salivary glands of Octopus macropus, rich in all other active sub- 
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at vulgaris (tyramine, octopamine, 


histamine). 

(2) Provided that care has been taken to eliminate any possible interfering, 
materials (murexine and moschatine, for example, which are easily destroyed 
by brief alkaline treatment), the cardiostimulating activity of our extracts is 
clearly proportional to the content of enteramine, as determined colorimetrically 
(coupling reaction with diazonium salts in an acid medium, Ottolenghi, 1951, to 
be published) and biologically (oestrus-uterus of rats, urinary bladder of 
dogs). 

The quantitative data recorded in Table 1 are referred to a standard salivary 
extract of O. vulgaris (summer 1950 extract, obtained from 14-3 kg. fresh 
tissue) arbitrarily considered = 100. 


:  Tasue 1. The relative activities of various terami taining extracts 
: Action on the 
an acid Ocstrus urinary 
of rats of dogs eliz 
Enteramine containing extracts: : 
Post. sal. gl. O. vulgaris 100 100 100 100 
Post. sal. gl. 2. moschata 120—140 120—130 120—150 >100 
Hypobr. body M. trunculus 30—35 30—35 30—40 30—40 
Ox spleen 1—3 1—3 1—3 1—3 
Rabbit gastric mucosa 1—3 1—3 1—3 1—3 
Enteramine free extracts: 
Post. sal. gl. O. macropus 0 0 0 <1 
Hypobr. body 2. cornea and 0 0 0 <1 
0 0 <1 
Different organs and tissues of 
E. moschata, M. 
edulis, M, 
and H. pomatia 


- (3) Any procedure which destroys or inactivates enteramine (treatment with 
formalin, with diazonium salts, with potassium iodate, benzoylation, ultra- 
violet irradiation) also destroys the cardiostimulating activity of the enteramine- 
containing extracts. Moreover, the cardioactive principle of crude extracts 
closely resembles enteramine in its restavance to alkali and acids when 
heated. 

Amine oxidase of fresh phosphate extracts of mammalian hiver and intestine 
and of sea-water extracts of hepatopancreas or kidney of Octopus and Sepia 
completely destroys the cardiostimulating activity of the enteramine extracts, 
at least so long as the enzyme is not en by methylene blue or amphe- 
tamine. 

(4) To these important data another was recently added, which we believe 
may be reasonably considered decisive for the identification of enteramine as 
the active principle on the molluscan heart. ° 
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Fig. 7 shows a bidimensional paper chromatogram of the standard salivary 
extract of Octopus vulgaris. The fourteen reproduced spots have been developed 
with the diazonium salt of p-nitroaniline, in an alkaline medium. The criteria 
of identification of the individual spots are thoroughly described in another 
_ paper (Erspamer & Boretti, 1951). 

Eluates were prepared, with warm distilled water, from each spot or, 
better, from spots I-V, II, III, 1V-VI-VIII, VII, IX, X, 
XIV. All were tested on the Octopus heart. 


(Tyramine |) 
il 
a iy (r han) (Octopamine |) 


XI (Enteramine !) 
vi() vili IX (Tyramine) 
ons 
JV | (Octopamine) 
ar {piv 


x (Enteramine) 
(a 
4m. > 
Fig. 7. Bidimensional chromatogram of a salivary extract of Octopus vulgaris, At x, 0-01 ml. of 
the summer 1950 extract, corresponding to 0-2 g. fresh tissue. Whatman no. 1 paper. First 


solvent (a): n-butanol saturated with n-HCl (48 hr.); second solvent (b): pyridine + amy]l- 
alcohol + water (2:2:1) (48 hr.). 


It appeared immediately clear that only the eluates of spot III (enteramine A) 
possessed a cardiostimulating activity. Such activity was practically identical 
with that manifested by the corresponding crude extract applied on paper, that 
is the entire activity appeared concentrated in spot III. 

Moreover, eluates of spot XI (enteramine I) by themselves lacking, like all 
other eluates except those of spot III, any appreciable cardiostimulating action, 
became active after alkalinization at pH 8-9 and treatment in a boiling water- 
bath for 10 min. Under these conditions the activity of eluates XI was equal 
to that of eluates III diluted to give a coupling reaction, in an acid medium, of | 


the same intensity; that is, the activity was proportional to the content of | 
enteramine, | 
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On summing the activity of eluate III with that of activated eluate XI one 
his values satisfactorily near to those given by the we activated 
extract: 


Cardiostimulating activity of untreated crude extract . . 100 
Cardiostimulating activity of untreated eluate TIT: . . . . 85-95 
Cardiostimulating activity of untreated eluate XI. 
Cardiostimulating activity of activated crudeextract . . . . 120 
Cardiostimulating activity . . . 85-95 
Cardiostimulating activity of activatedeluate XI. 15-20 


The solvents employed in the paper chromatography of the salivary extracts 
were several. In 2a case only the eluates of enteramine spots appeared 
active. 

The cardiostimulating activity of the salivary extracts of Eledone moschata, 


_ of the hypobranchial extracts of Murex trunculus and of the ox spleen extracts 
_ was also rigorously localized at the level of the enteramine spots. 


DISCUSSION 


iteiheiina possesses a conspicuous stimulating action on the heart of all the 
- tmolluses studied. This is the fundamental observation in the present research. 


There is a relationship between the magnitude of the response and the quantity 


_ of substance put in contact with the heart. There is no evidence of damage to the 


organ, indeed it would seem that enteramine has a resuscitating action on the 


heart and on the contractile arteries. 


What is the significance and the physiological importance of enteramine in the 


~ control of the cardiac activity of the molluscs in general and of the octopods in 


particular? By a simple calculation it appears that 1-5 g. of salivary tissue of 


an Octopus vulgaris of 500-600 g. body weight contain as much as 25,000- 


30,000 active doses of enteramine, admitting a dilution of each single active 


_ dose in 25-30 ml. haemolymph. At first sight it would seém conceivable that 


enteramine has the function of a regulating hormone of the octopod heart, but 
this assumption is difficult to reconcile with the fact that enteramine is absent 
in the posterior salivary glands of another species of octopods (0. macropus) 


| although its heart is very sensitive to this substance. Enteramine is also lacking 


in the posterior salivary glands of Sepia (Ottaviano, 1942), and in the hypo- 
branchial body of numerous prosobranch molluscs and in all the tissues of 
Mytilus and Ostrea. 

It is thus difficult, faced with these experimental data, to attribute to this 
substance a general significance in the regulation of cardiovascular or other 
functions, unless the presence of minute quantities of the substance is postu- 
lated even in those molluscs in which it has not been possible to demonstrate it 
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definitely affirmed that enteramine is concerned in the control of cardiac 
activity even in Octopus vulgaris, Eledone moschata and Murex trunculus. 

The significance of tyramine and other biological amines should be considered 
with equal reserve. A simple demonstration of the presence of tyramine in 


salivary extracts of Octopus macropus alone (Henze, 1913) was sufficient to ; 


postulate that the substance might at the same time be not only the venom of 
the posterior salivary glands of Cephalopods (Henze, 1913; Baglioni, 1909), 
but also actually a ‘normal product of the metabolism of Cephalopods’ (Lelu, 
1938) and the ‘possible humoral mediator of the visceral nerve regulating the 
heart of Cephalopods’. | 

Nothing could be more arbitrary than such inferences and generalizations 
to all groups of cephalopods from the results obtained on one or few species of 
octopods. To remain in the field of tyramine researches, Erspamer & Boretti 
_ (1951) have been able to show, by paper chromatography, that this substance, 
- contained in abundance in salivary extracts of Octopus vulgaris and O. macropus, 
is absent or present only in very minute quantities in Eledone moschata. 


SUMMARY 
1. Extracts of posterior salivary glands of Octopus vulgaris and Eledone 
moschata, of hypobranchial body of Murex trunculus and M. brandaris, as well 
as of ox spleen and rabbit gastric mucosa, show a powerful positive inotropic, 
chronotropic and tonotropic action on the molluscan heart, especially of Helix 
and Octopus. | 
2. The quantitative distribution of the cardiostimulant principle in various 
organs and tissues, its behaviour under various treatments and its localization 
in paper chromatograms correspond exactly to those of enteramine, permitting 
its certain identification with this substance. Only enteramine A is directly 
active on the heart; enteramine I becomes active after a suitable activating 
pretreatment. 


3. The possible significance of enteramine in the functional control of the 
circulatory system of molluscs is discussed. 


This investigation was supported by a grant from the Italian Research Council. We are greatly 
indebted to and wish to thank Dr H. 0. Schild for his criticism and his kind assistance in the 
English translation of the manuscript. : 


REFERENCES 
Baglioni, 8. (1909). Z. Biol. 52, 130. 
Boyer, P. (1927), C.R. Soc. Biol., Paris, 95, 1244. 
Erspamer, V. (1940a). Arch. Sci. biol., Napoli, 26, 295. 
Erspamer, V. (19406), Arch. exp. Path. Pharmak. 196, 343, 366, 391. 
Erspamer, V. (1942a). Arch. exp. Path. Pharmak. 200, 43. 
Erspamer, V. (19426). Arch. exp. Path. Pharmak. 200, 60. 
Erspamer, V. (1943). Arch. exp. Path. Pharmak, 201, 377. 


« 
5" 
oy 
& 
ag 
Ay 
ag 
“2 
$ 
‘ 


be THE ACTION OF ENTERAMINE 481 


‘Brspamer, V. (1946). Haperientia, 2, 369. 
, V. (19484). Acta pharmacol. toxicol. 4, 213. 

seamen, (19485). Acta pharmacol. toxicol. 4, 224. 
d Erspamer, V. (1948c). Arch. int. Pharmacodyn. 76, 308. 
n Erepamer, V. (1948d). Haperientia, 5, 79. 
 Brspamer, V. & Boretti, G. (1950). Experientia, 6, 348. 

Erepamer, V. & Boretti, G. (1951). Arch. 

f V, & Ottolenghi, A. (1950). Ezperientia, 6, 348 
Erspamer, 
| grepamer, V. & Ottolenghi, A. (1951). Eaperientia, 7, 191. 
l, Erspamer, V. & Vialli, M. (1951). Nature, Lond., 167, 1033. 
e Henze, M. (1918). Hoppe-Seyl. Z. 87, 51. 
ae dectrolytes et des drogues. Paris: Bailliére, Tindall and Cox. 
8 Lelu, P. (1988).° Les corrdlations humorales chez les Invertébrés. Paris: Gauthier-Villars: 
of Ottaviano, G. (1942). Arch. Sci. biol., Napoli, 28, 404. 
Viali, M. & Erspamer, . (1940). Arch. Fisiol, 40, 208. 


ayy 
> 
af 

eC 
ll 

4) ‘ 
’ 
n 
4 
AG 
24 
y 
~ 
4 
are 
a 


J. Physiol. (2951) 115, 482-487 


THE STATE OF BODY WATER IN THE CAT | 
By M. GRACE EGGLETON 
From the Department of Physiology, University College, London 
(Received 5 July 1951) 


In the course of an investigation into the relationship between chloride con- 
centration in skin and in plasma, hypertonic sodium chloride solution was 
injected. The resulting increase in chloride concentration in the plasma water 
enabled calculation to be made of the volume of water in the body in which the 
added chloride appeared to become distributed. It proved to be significantly 
less than the generally accepted figure for total body water. This, consequently, 
was measured in addition by determining the volume of water into which urea 


would diffuse. 

METHODS 
The experiments were made on cats, anaesthetized with nembutal (sodium ethyl (1-methylbuty!) 
barbiturate) by intraperitoneal injection of 40 mg./kg. body weight. In order to avoid loss of the 
injected solutions in the urine, or their concentration in the kidneys, the renal pedicles were tied. 
The solutions were injected into one external jugular vein and blood samples removed from the 
opposite carotid artery. 

After collection of the first blood sample, a 20% solution of urea in 0-:9% NaCl was injected 
intravenously in a dosage of 1 g./kg. body weight. In a few experiments the saline was replaced by 
isotonic NaCNS (0-25 g./kg.). After 40-60 min. a second blood sample was collected, preceded by 
removal of a sample of muscle (gracilis). A 20% solution of NaCl was next infused in a dosage of 
2 g./kg., and after 4-5 hr. a further sample of muscle and blood. In one experiment, the order of 
injection of the two solutions was reversed. 

The water content of the tissues was determined by drying for 17-24 hr. at 105-110° C. Chloride 
was determined by electrometric titration with n/50-AgNO, in a deproteinized trichloroacetic acid 
filtrate, and thiocyanate colorimetrically, after reaction with ferric nitrate reagent. The colour was 
not completely stable, but satisfactory results were obtained by reading a set of standards both 
before and after the unknown solutions. Plasma urea was determined by the method of Conway & 
O’Malley (1942). 

RESULTS 
The resting plasma urea concentration was found to be considerably higher 
than in man. The lowest value encountered was 57 mg./100 ml. plasma water, 
and the average of ten animals was 82 mg./100 ml.; the eleventh had a value 
of 230 mg./100 ml., and this plasma itself was yellow-brown in colour. Eight 
estimates were made of the normal rate of increase in plasma urea over periods 
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of 3-4 hr., and these varied from 1 to 5 mg./100 ml. plasma water/lit, Since 
_ this value is small in relation to the increase caused by the urea injection, no 


allowance has been made for it in calculating the volume of water into which 


|, theinjected urea has penetrated. Had such allowance been made, the calculated 


body water would be higher than the values shown below. | 
In Table 1 are given details of a typical experiment. Fifty-five minutes elapsed 
between the collection of plasma 1 and plasma 2, the latter being taken 20 min. 


_ after the end of the urea injection. Four hours and 20 min. elapsed between the 
- collection of plasma 2 and plasma 3, the hypertonic NaCl solution being injected 


during the 20 min. immediately after collection of sample 2. The increase in 
plasma urea concentration_indicates that the amount injected had been dis- 


tributed in an amount of water which was 63% of the body weight. The in- 


crease in NaCl concentration, however, indicates that the water in which it had 


_ apparently been distributed amounted to only 49% of the body weight. 


- Taste 1. Measurement of body water by injection of urea and of hypertonic NaCl solution 


Cat 2-26 kg. 2-22 g. urea injected between plasmas | and 2; 4:15 g. NaCl (20% solution) 
between plasmas 2 and 3. ; 


NaCl Urea 
mg./100 ml. mg./100 ml.H,0 m./100ml. mg./100 ml. H,O 
Plasma 1 700 758 525 | 57-0 
Plasma 2 683 213-5 
Plasma 3 1040 1115 203-5 217-5 


Urea: Increase of 156-5 mg./100 ml. H,0. 

.”. 222 g. in 1-42 | H,0=63% body weight. 
NaCl: Increase of 375 mg./100 ml. H,O. 

415g. in 1-11 1. H,O=49% body weight. 


It may be well to emphasize at this point that it is generally supposed that 


: the chloride concentration of muscle cells is small and not far from zero. It 
may also be relatively small in the cells of other organs and tissues. The added 
{ NaCl, therefore, must not be supposed to penetrate, quantitatively, into the 


cells; but the increased concentration in the extracellular fluid will have the 
effect of drawing water out of the cells. If the cell contents behaved, osmo- 


_ tically, as an ‘ideal’ solution, the amount of water withdrawn would be such 
that the final concentration of chloride in the extracellular fluid would be the 
same as that which would have obtained if the chloride had penetrated freely 
_ into the cell contents. 


That there is undoubtedly considerable movement of water from intra- to 


_ extracellular fluid is shown by the fact that the concentration of total solids in 
_ skeletal muscle increases and that the ratio of chloride concentration in muscle 
_ water/chloride concentration in plasma water also increases, indicating a 


shrinkage of cells with increase in extracellular volume. This was consistently 
observed in all experiments, confirming the results of Kichelberger & Hastings 


_ (1937). The observation was amplified in four experiments by determination 
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also of thiocyanate spaces. The resting value obtained in nine cats was 25-5 + 0-8 
(s.z. of mean) percentage of body weight. It increased to a slight extent with 


time; increases of 0-5, 4°5 and 1-5 in 3-4 hr. were observed in three experi-— 


ments. After injection of hypertonic NaCl solution, however, the resting values 
had increased by 9, 9°5, 13-5 and 13-5 respectively in a similar time. 

The magnitude of this water shift from intra- to extracellular compartment 
can be calculated for muscle if it be assumed that the interstitial fluid contains 
15% protein (Maurer, 1938) and that the muscle cells contain no chloride. 
A typical example of such a calculation is given in Table 2. 


TaBLE 2. The effect of intravenous hypertonic NaCl solution on the intra- and extracellular 
volumes of skeletal muscle. Cat 1-96 kg. 3:5 g. NaCl (20% solution) given 3-7 hr. before 
second sampling. 


Muscle Plasma 
Cl concentration 2 Cl concentration 
Solids mg./100 g. mg./100 g. 
Before 743 25-7 118 159 91-85 713 778 
After 114 28-4 253 354 93-5 1050 1123 


Before: 
Extracellular water of muscle = 159/778 x 98-5 = 20-1 g./100 g. muscle. 
Intracellular water of muscle = 74-3 — 20-1 =54-2 g./100 g. muscle 
= §4-2/25-7 =2-11 g./g. muscle solid. 
After: 


Extracellular water of muscle = 354/1123 x 98-5 =31-0 g./100 g. muscle. 
Intracellular water of muscle =71-6 - 31-0 =40-6 g./100 g. muscle 
= 40-6/28-4 = 1-42 g./g. muscle solid. 


Thus, 0-69 g. intracellular water is released per g. muscle solid or 0-69 x 25-7 =17-8 g./100 g. 
muscle. 


Nevertheless, it would seem that not all the body water behaves as if all the 
solutions were ‘ideal’ osmotically. The difference between 63% of the body 
weight (into which urea can diffuse), and 49% (into which chloride can ap- 


parently diffuse) is too large to be accounted for by experimental error; more- | 


over, @ difference in the same direction, though of varying magnitude, was 
observed in all experiments, as may be seen in Table 3. 

One possible cause of the large individual variation may be age. The smallest 
difference of 5 was obtained in a cat which was noted at the time of experiment 
as very old, and the two succeeding ones of 13-6 and 18 in cats which were 
noted as young. The animals were obtained in the usual way and their past 
history not known, so this factor of age can be accepted only as an impression 
rather than as a fact. In three further experiments urea was injected but not 
NaCl, and the average of the total eleven urea experiments gives a value of 
63 + 16% body weight for the total body water; in a further nine experiments 
the reverse was done, and the average value of body water (derived from changes 
in chloride concentration) in seventeen experiments was 49-5 + 1-:08%. 
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_ It is clear also from Table 3 that the individual variation is not due to lack 
_ of equilibrium, This appears to be complete within half an hour of the end of the 


injection, for a value of 54%, was obtained on the one occasion when so short a 


_ period was allowed. On another, in which again only hypertonic NaCl had been 
‘k~ injected, 5 hr. was allowed before sampling, and this yielded one of the lowest 


values, 43°5%. 


Tazz 3. A comparison of the total body water as measured (a) by the amount into which urea 
will diffuse and (6) by the amount in which hypertonic NaCl solution appears to be distributed. 


Body water as %, body weight Time for 
Body t — equilibrium of 
(kg.) Urea method NaCl method Difference NaCl (hr.) 
1-96 56-5 42-0 14-5 3:5 
2-03 58-0 50-0 8-0 1-0 
3-07 61-0 56-0 5-0 4-0 
1-58 60-5 46-0 13-5 3-0 
2-165 715 53-5 18-0 3-0 
2:2 59-5 47-5 12-0 3-0 
2-26 63-0 49-0 14-0 3:5 
2-47 62-0 55-0 7-0 3-5 
Average 61-5+1-5 50-0+ 1-7 11-5416 
DISCUSSION 


The value of body water given by the urea method, 63% body weight, is almost 


identical with that given by Skelton (1927) obtained by direct analysis. The 


_ value obtained by the hypertonic NaCl method, 49:5% body weight, is appre- 
 elably less, and a difference between the two was observed consistently in each 


experiment in which both methods were used. It would appear, therefore, that 


_ the quantity of water expelled from the cells into which NaCl cannot penetrate 
_ freely is less than the quantity which would be expected if the cells behaved 


as simple osmometers containing ‘ideal’ solutions. This behaviour could be 


~ accounted for in one of several ways: 


(1) The cell contents are in osmotic equilibrium with the interstitial fluid, in 


_ which case either (a) some water in the tissues might be free to dissolve urea 
but sufficiently ‘bound’ to be unable to partake in osmotic exchanges; or (5) 


some water might be ‘bound’ or ‘non-solvent’ in the strict sense of the word 
and, in addition, some urea adsorbed; or (c) when the osmotic pressure outside 


_ is raised, additional solutes either penetrate into or are formed within the cells. 


(2) The cell contents are not in osmotic equilibrium with the interstitial 
fluid, but a steady state is maintained at the expense of metabolic activity. 
For the first of these possibilities (1a) there is little to be said except that, 


though possible, it is extremely improbable. Against the second (15) there is 
already negative evidence, for Hill (1930) found no ‘bound’ water in frog 


muscle and strongly criticized the technique of earlier workers who had 


?  &ppeared to obtain a positive result. In addition, it is rather improbable that | 
urea should be adsorbed at all, still more so that it should be adsorbed in just 
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the right amount to yield the same value for body water as that found by direct 
determination. 

. Against the third possibility (1c), there is the evidence of Conway (1946) 
who found that isolated frog’s muscle behaved as might be expected when the 
- concentration of sodium ions in the external solution was changed, the total 
cation concentration remaining constant. It may be argued that the present 
experiments are not comparable with those of Conway, since the total cation 
concentration was not congtant. Indeed, it is possible that the hypothetical 
solute which penetrates the cells may be sodium. It is known that in both 
muscle cells and in red blood cells the sodium concentration is maintained at 
a low value by the performance of osmotic work; no prediction, from physico- 
chemical considerations, can be made as to what will happen when the sodium- 
ion concentration in the external fluid is changed. But if sodium ions do enter 
the cells they must be accompanied by some anion other than chloride. If 
chloride ions penetrated into the cells, in the amount required theoretically, 
there should be no discrepancy to be accounted for in the present series of 
observations. 

On the other hand, the results obtained by Hetherington (1931) on cats may 
possibly be accepted as evidence in favour of this possibility (1c), though her 
technique was not altogether satisfactory. She determined the increase in 
vapour pressure of the blood following intravenous injection of hypertonic NaCl 
solution and calculated from it the body water; but considerable quantities of 
- urine were secreted and its total osmotic pressure regarded as due entirely to 
NaCl. This may account for the fairly wide variations found even in the same 
animal at different times after the injection. Her recorded value for six cats 
was 59% of the body weight, but if that from the seventh is included, the 
average drops to 55%. Thus the value yielded by this method is higher than 
that now obtained by measurement of chloride changes. Comparison of 
Smirk’s (1933) values for dilution of blood chloride following ingestion of water 
by human subjects, however, with those later obtained by Baldes & Smirk 
(1934) by the vapour-pressure method, indicates a similar degree of change in 
the two: a 4% dilution of blood chloride after 1500 ml. water and a 2:7% 
reduction in total osmotic pressure after 1000 ml. respectively. It would seem, 
therefore, that the possibility of movement of solutes into or out of cells when 
the osmotic composition of the surrounding fluid is altered, must remain an 
open question. 

For the last possibility (2), however, there is a certain amount of positive 
evidence. Robinson (1951) has recently concluded from the results of various 
experiments on isolated kidney slices that the osmotic pressure within the cells 
is 50-100% greater than that in the surrounding fluid. Moreover, when such 
slices are exposed to hypotonic solutions, the change in weight of the tissue is 
less than that to be expected on osmotic considerations. One further piece of 
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| evidence suggests that, if these results are applicable also to other tissues, the 


discrepancy between expected and observed change in volume is greater when 
the tissues are exposed to hypertonic than when they are exposed to hypo- 
tonic surroundings. From an earlier series of experiments (Eggleton, 1937 ), in 
which water was given to cats, either injected into the intestine or intra- 
yenously, calculation has now been made of the body water from the observed 
dilution of plasma chloride. A value of 57-5+2-6% is obtained, from sixteen 


- cats, This is just significantly less than the value of 63% yielded by urea and 


significantly greater than the 49:5% yielded by hypertonic NaCl solution. If 


__ the osmotic pressure within the cells is indeed greater than that of the sur- 


rounding fluid, these results might be interpreted as indicating that the hypo- 
thetical ‘pump’ which maintains the steady state becomes less effective as the 
concentration within the cells becomes greater. In these earlier experiments, 
the potassium-ion concentration in the extracellular fluid was lowered as well 
as the sodium-ion concentration; there would thus be a loss of potassium ions 
from the muscle cells and perhaps also from other cells, as Boyle & Conway 
(1940) have shown for the isolated muscles of the frog. This might be sufficient 
to account for the fact that the discrepancy is less when the body fluids are 
diluted than it is when NaCl is added. 


SUMMARY 
1, When urea is injected intravenously into cats, its concentration in the 


plasma indicates that it has diffused into 63 + 1-6% of the body weight. 


2. When hypertonic NaCl solution is so injected, its concentration in 


~ the plasma indicates that the NaCl appears to become distributed in only 
 49-5+1-08% of the body weight. 


3. The origin of the difference between the two values is discussed. No 


‘ satisfactory explanation has been found, and it would appear that some, at 
least, of the cells are not in simple osmotic equilibrium with the extracellular 
fluid. 
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A head-holder of simple construction. By T. D. M. Rozerrs. 

: Institute of Physiology, University of Glasgow 

_ The disadvantages of the conventional Czermak head-holder were discussed by 
| Bishop, Brown & Kearney (1951), but the modified pattern which they 
| described has certain disadvantages of its own. For instance, the moving 
\ member of their head-holder is of a complex shape and is subject to incon- 
| - venient shearing stresses which make fabrication difficult except in a very 
_ well-equipped workshop. 


_ In the new pattern presented, the moving member works on & different 
_ principle, the screw applying pressure instead of tension, as will be seen in the 
_ diagram. The parts are all very readily constructed, and it is believed that all 

_ the advantages claimed for earlier models are retained. In addition, the head- 

~ holder may be supported in a standard bosshead by the short piece of in. 

rod provided. 

Bishop, P. 0., Brown, G. L. & Kearney, A. (1951). J. Physiol. 114, 19 P. 


| Effects of temperature-shock on bull spermatozoa. By J. L. Hancock 
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A summation technique for detecting small signals in a large 
irregular background. By G. D. Dawson. Neurological Research Unit, 
Medical Research Council, National Hospital, Queen Square, London, 
W.C.1 


The cerebral responses to nerve stimulation which can be picked up from the 
scalp in man are small in relation to spontaneous activity of scalp muscle and 
brain. They have been detected by superimposing a number of records; this 
emphasizes regular features, while the irregular background appears as a diffuse 
thickening of the whole trace (Dawson, 1947, 1950). In a majority of subjects, 


Fig. 1. An experiment to detect cerebral responses when the left ulnar nerve was stimulated at 
the wrist once per second. The upper line of traces shows sets of 55 records superimposed 
and the lower line the averages of these given by the machine. In A, from the contralateral 
scalp, there was one electrode on the midline and one over the right central sulcus. In B, 
from the ipsilateral scalp, the record was taken from the same midline electrode and one 
over the left central sulcus. In C is shown the result of making the electrode over the central 
sulcus positive to that on the midline by 5 nV. The largest spikes in the time scales show 
intervals of 20 msec., and the stimulus was applied 5 msec. after the start of each sweep. 


however, the level of unwanted activity is too high for superimposition to 
show clearly the form and distribution of the responses. A much greater 
degree of discrimination may be obtained if instead of superimposing the 
records they are added to obtain the mean. Waves not regularly related to the 
stimuli are insignificant in the mean curve. To see how valuable this method 
was likely to be sets of records were measured by hand and averaged. When 
the results were plotted the responses became progressively clearer as the 
number of records added increased from 5 to 40. 

The apparatus to be demonstrated automatically adds successive potential 
waveforms from the scalp during a series of stimuli and it displays the sum 
continuously. The additions are made in a bank of condensers to which the 
signals are distributed by a multi-contact switch rotating synchronously with 
the recording sweep. In the present apparatus, which is far from ideal, there 
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are 60: condensers and each sweep lasts 100 msec. Fig. 1 compares records 


obtained simultaneously by this means and by superimposition. 
I would like to thank Dr J. N. Hunt who first suggested that an additive technique would be 
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_ Simultaneous determination of oxygen content and gas-combining 


capacity of blood or haemoglobin solutions by gasometric 


technique. By A.B. Or1s* and F. J. W. Roveuton. Department of Colloid 


Science, University of Cambridge 
Hitherto it has been usual, in Van Slyke gasometric procedure, to determine 


_ oxygen content and gas-combining capacity on successive samples of blood 


(or haemoglobin). The method presently demonstrated enables both of these 


_ estimations to be made on the same sample, thus leading to (a) improved 


accuracy, (6) elimination of errors arising from changes in combining capacity, © 
which have been shown to occur with time in blood outside the body (Roughton, 
Darling & Root, 1944; van Slyke, Hiller, Weisiger & Cruz, 1946). 

The principle of the method consists in using an excess of carbon monoxide 
to release the oxygen from combination with haemoglobin (as suggested by 
Claude Bernard) and measuring in a single experiment both the CO absorbed 
by the haemoglobin and the oxygen liberated therefrom, by means of standard 
gasometric apparatus. The principle has been applied in two ways. 

(1) With the Haldane gas analysis apparatus (requiring 5-10 c.c. of blood 


| _ or the equivalent amount of haemoglobin solution). The blood sample is 


measured into a vacuous tonometer with three-way taps at either end and 
about 100 ¢.c. capacity. A volume of CO, V, (in the range 9-3-10c.c.), is 


exactly measured in the gas burette of the 10c.c. Haldane gas-analysis — 
apparatus and quantitatively delivered into the tonometer, which is then 
shaken in a water-bath for 40 min. The gas phase in the tonometer is then 
brought to atmospheric pressure by connecting it with a mercury reservoir, 


and transferred back to the Haldane apparatus, where, after absorption of 
 CO,, its volume V, is measured. The 0, is next absorbed and the final volume 


V, measured. The QO, content of the original blood is calculated from V,—V;, 
suitable solubility corrections being inserted. The CO absorbed by the blood 


_ measures its gas-combining capacity, provided that the original CO content 
of the blog is negligible, and is similarly calculated from V,— V3. 


* Fulbright Research Scholar. 
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(2) With a combination of the van Slyke constant-volume apparatus and 
the Scholander gas-analysis apparatus (Scholander, 1947). This procedure 
requires 1-2 ¢.c. of blood or the equivalent amount of haemoglobin solution. 
The blood is measured into the chamber of the van Slyke apparatus and is 
followed by about 1-5¢.c. of CO (free of O,). The mercury is lowered to the 
50 c.c. mark and the apparatus shaken for 10 min. with an opaque cover over 
the chamber. The pressure of the gas phase is then measured at the 2 c.c. mark 
(p19), and an aliquot part of the gas is transferred to the Scholander gas- 
analysis apparatus, wherein its oxygen percentage is measured to + 0-02 vol. %. 
The remainder of the gas is quantitatively expelled from the chamber of the 
van Slyke apparatus, and a sécond pressure reading is taken (..). The oxygen 
content of the blood is readily calculated from p.—., and the percentage 
oxygen as measured by the Scholander apparatus. The CO content of the CO- 
saturated blood remaining in the van Slyke chamber is finally determined bY 
the method of Roughton & Root (1945). 

This second method, which we have developed more recently, is proving not 
only more economical of blood, but also appears to be much more expeditious. 
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The effect of vitamin A on skeletal tissue cultivated in vitro. By Honor 
B. Strangeways Research Laboratory, Cambridge, and E. Meuuansy, 
Nutrition Building, National Institute for Medical Research, Mill Hill, London 


The object of this study was to see whether hyper- and hypovitaminosis A 
acted directly on skeletal tissue grown under the simplified conditions of tissue 


culture, and if so, what the effects were. The following points will be demon-_ 


strated: 


Hypervitaminosis A 

(1) In one series of experiments, the rudiments of the limb-bones were 
removed from 6-day chick embryos; at this stage the limb-skeleton consists 
of very early, unossified cartilage. The cartilages were cultivated by the 
watch-glass method; one of each pair was placed in normal medium (3 parts 
plasma : 1 part embryo extract) and the other in medium containing about 
1400 i.u./100 ml. of vitamin A. For the first 2-3 days the two sets of explants 
grew equally well, the diaphysial cartilage cells hypertrophied and periosteal 
bone was formed, but the experimental rudiments were more slender than 
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their controls. After 4-7 days’ cultivation, the bones subjected to hyper- 


 yitaminosis A became rather flabby, a constriction appeared at the junctions 
of the shaft with the epiphyses which finally were completely cut off from the 
- diaphysis, and the rudiments began to shrink; the soft tissue surrounding the 


cartilage continued to grow actively. The controls remained normal and often 


-. trebled their length in a week. 


(2) The limb-bones of late foetal mice were treated in the same way. These 


_ Yadiments were well developed when explanted, with a stout shaft of bone 
containing marrow, and large cartilaginous ends, but they were very susceptible 
to the action of hypervitaminosis A. After 4 days’ cultivation in a medium 
- containing about 2000 i.u./100 ml. of vitamin A, the cartilaginous ends began 
_ to shrink rapidly, the bone became greatly rarified but the surrounding soft 
_ tissue grew profusely. By the 7th day the bone was reduced to a fraction of 
_ its original length and after 10 days it had sometimes vanished completely, 
7  eaving only a few crumbs of debris scattered in a sheet of actively growing and 
migrating cells, 


These changes were not associated with cell degeneration, and the more 
healthy and active the tissue appeared, the more severe were the effects of the 
hypervitaminosis. Although the action of excessive vitamin A on these bones 


_ 1s destructive, it depends on the viability of the tissues. Thus heating the 
bones at 45°C. for 15 min. destroys their power to grow and also their sus- 


_ ceptibility to excess vitamin A. Heating at 40°C. for 15 min. leaves both 


actions intact. 


The effect on foetal mouse bones of plasma from a fowl suffering from 


_ hypervitaminosis A was compared with that of normal plasma to which pure 
- vitamin A acetate had been added, so that the amount of vitamin A in the 
_ two plasmas was approximately the same. The results showed that the ‘natural’ 
_ hypervitaminosis acted on the explants much more slowly than the same degree 
_ of ‘artificial’ hypervitaminosis induced by the pure vitamin A acetate. 


It is possible that the different effects of ‘natural’ and ‘artificial’ hyper- 


_ Vitaminosis A plasmas are due to the different physical conditions of the 
_ Vitamin A in the plasma. In the ‘artificial’ plasma much of the added vitamin 


: A can be directly extracted by shaking the plasma with petrol ether. This 


_ does not happen in the ‘natural’ high A plasma, which requires shaking first 
~ in 50% alcohol before it is extractable with petrol ether. Most of the vitamin A 


in the ‘artificial’ plasma is in the fat-soluble form, whereas under natural 


_ conditions the vitamin A is probably in a water-soluble form, and may be in 
combination with a protein, and this combination has first to be broken down 


_ by alcohol before the vitamin A becomes soluble in petrol ether (Dzialoszynski, 
Shae & Stewart, 1945). 
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Hypovitaminosis A 

The leg-bone rudiments of 6-day chick embryos were cultivated in plasma 
from vitamin A-deficient fowls. The rudiments from some embryos showed 
a pronounced effect; chondroblastic hypertrophy and ossification were retarded 
and the shafts were much shorter than those of corresponding controls in 
normal medium. These results agree with Wolbach’s observations (Wolbach & 
Bessey, 1941) on the effect of A-deficiency on the limb-skeleton of very young 
animals. The bone rudiments of other embryos, however, were unaffected by the 
hypovitaminosis, It is thought that this variation in the response of bones from 
different chicks may be correlated with the amount of vitamin A stored in the 
tissues at the beginning of the experiment, and this again with the amount 


of vitamin A and carotene in the yolk of the original egg. This point is being 


investigated. It appears as if the younger the animal of one species the greater 
are the effects of excessive and deficient vitamin-A plasmas on the bones. The 
_ effect of hypovitaminosis A on periosteal bone which is so prominent in older 
growing animals (Mellanby, 1938) has not yet been demonstrated in tissue- 
_ culture experiments. The evidence indicates that the vitamin A is a main 
controlling factor in the development and growth of bone, and that the con- 
centration in the tissues necessary for the proper development in any species 
of animal must be within fairly narrow limits. 
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Automatic recording skin thermometer. By P. A. G. Monro 


_ Transport of radioactive potassium by current through a nerve 
membrane. By A. L. Hopexri and A. F. Huxtey 


Distribution of radioactive ions in sheep’s blood. By T. I. SHaw 


Spatial aspects of excitability for a single fibre in an undissected 
nerve trunk. By J. J. Lussier and W. A. H. Rusuton 


Ejection of milk induced by electrical stimulation of the supra- 
opticohypophysial tract in the rabbit. By B. A. Cross and G. W. Harris 


Determination of ionic fluxes in frog’s toe muscle. By R. D. Keynes 
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: The excretion of the D- and L- isomers of amino-acids in the urine. 


By R. F. Crampton, Q. H. Grsson and D. H. Smuyrtu. 
. Physiology, University of Sheffield 


_ From the work of Pitts and others it is known that active reabsorption of 
_ amino-acids occurs in the renal tubules of the dog (see Pitts, 1943). Since 


Gibson & Wiseman (1951) found that the L-isomer of a number of amino-acids 


_ is absorbed by the intestine preferentially to the p-isomer, it was of interest to 


determine whether preferential absorption of the L-isomer also takes place in — 


_ the renal tubules. 


Cats, anaesthetized with pentobarbitone sodium, were eviscerated and the 


: bladder cannulated through the urethra. An intravenous infusion of a 4% 
_ solution of @ racemic mixture of amino-acid at pH 7-0 was given, the total 


amount being approximately 1 g./kg. body wt. Urine and blood samples were 


; _ subsequently collected and analysed for the p- and L-isomers, using the methods 
_ described by Gibson & Wiseman. 


When pt-alanine was injected it was found that more of the p-isomer than 


: of the L-isomer appeared in the urine, the ratio of the amounts of D-isomer to 
_ L-isomer (D/L ratio) in three experiments being 1-8, 3:4 and 2-2 respectively. 
_ This suggested a preferential absorption of the L-isomer by the renal tubules. 


A possible explanation, however, was that the p-isomer was present in higher 


| concentration in the blood due to preferential metabolism of the t-form by 


the tissues. That this was not the case is shown by the fact that the concen- 


tration of L-isomer in the blood was actually higher than that of the p-isomer, 
_ presumably due to the greater urinary excretion of the p-isomer. In the 
_ experiment where the p/t ratio in the urine was 3-4, the average D/L ratio in 
_ the plasma during the collection of the urine sample was 0-62. Similar results 
obtained after injection of pt-histidine. 


The results indicate that for the two amino-acids tested, alanine and 


. histidine, the rate of reabsorption of the L-isomer in the renal tubules is greater 
_ than that of the p-isomer and show that a stereochemically specific process is 
_ associated with reabsorption of amino-acids. 


REFERENCES 
Gibson, Q. H. & Wisemazi, G. (1951). Biochem. J. 48, 426. 
Pitts, R. F. (1943). Amer. J. Physiol. 140, 535 : 


g The nature of intestinal maltase. By Enip E. Bacon, J. 8. D, Bacon, 


E. W. Cuarxe and D. H. Smytx. Departments of Biochemistry and Physio- 
logy, University of Sheffield 
Blanchard & Albon (1950) and Bacon & Edelman (1950) have shown by the 


“ use of paper partition chromatography that yeast invertase preparations 
2 _ produce from sucrose not only glucose and fructose but substances with smaller 
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R»y values than sucrose, and thus presumably of higher molecular weight than 
sucrose. They suggested that one of these substances might be a trisaccharide, 
which could arise by the transference of a fructose residue from one sucrose 
molecule to another. It was of interest to see whether the intestinal enzymes 
splitting disaccharides have analogous actions. Fluid was obtained from 
Thiry-Vella loops in dogs, and incubated with maltose, Enzymic action was 
stopped by raising the temperature quickly to boiling-point and the solution 
chromatographed without further treatment, using butanol-acetic acid 
(Partridge, 1948) as developing solvent, and benzidine-trichloroacetic acid 
(Bacon & Edelman, 1951) as spraying reagent. From a 5% maltose solution, 
the intestinal fluid was found to produce not only glucose, as would be expected, 
but also a number of reducing substances with Ry values smaller than that of 
maltose and comparable with those of the short-chain dextrins. Extracts 
made from the mucosa of the small intestine, by grinding it with sand and 
about three times its weight of water and removing the solids by centrifugation, 
showed much greater activity in both respects. On prolonged incubation of 
maltose, either with fistula fluid or with mucosal extract, the final product 
was mainly glucose, and did not include maltose, nor the additional substances 
formed in the early stages of the reaction. The results suggest that the enzymic 
splitting of maltose in the intestine is not a simple hydrolysis, and that 
‘maltase activity’ may involve not only production of glucose but in addition 
formation of compounds of higher molecular weight than maltose, possibly by 
transference of glucose residues from one maltose molecule to another (cf. the 
‘amylomaltase’ of Escherichia coli; Monod & Torriani, 1948). — 
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A rat heart-oxygenator preparation for use in isotope experiments. 
By E. W. Crarxe. Department of Physiology, University of Sheffield 
An isolated heart preparation most suitable for routine isotope experiments 
should be small, to permit economical use of isotope materials, and compact, 
to simplify precautions against laboratory contamination. The following 
apparatus has been designed for use with the rat or guinea-pig heart. The lungs 
are replaced by a gas ‘lift’ oxygenator using glass-wool as a defrothing device. 
The aorta is ligated and the whole cardiac output diverted to the coronary 
vessels, thus avoiding the usual artificial systemic circulation. This enables the 
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- apparatus to be reduced to a single unit consisting of a reservoir and heart 


chamber connected by the lift tube. The circulating blood volume is approxi- 
mately 5.ml. and the survival period from 2 to 3 hr. 

The animal is anaesthetized, respiration maintained by means of a small 
ventilation pump, and heparin injected. The reservoir of the apparatus bears 

a short cannula which is introduced into the left atrium. The reservoir fills _ 
with pulmonary venous blood as the ligature is gradually tightened round the 
aorta. The pulmonary vessels are occluded by another ligature and the heart 
cut free from the mediastinum. The reservoir, with heart attached, is trans- 


- ferred to the heart chamber. The blood then circulates from the reservoir to 


the left atrium, left ventricle, aorta, coronary vessels, right atrium, and after 
leaving the heart through the cut venae cavae is carried by the gas-lift back 


to the reservoir. The gas stream from the oxygenator is led through a carbon 


dioxide absorber and recirculated in a closed system by a small pump. The 


/ volume change in the system (i.e. oxygen consumption) is measured, the whole 
_ apparatus being immersed in a constant-temperature water-bath at 37° C. 


The average rate of oxygen consumption for the rat heart under these con- 
ditions is 7 ml./g./hr. Acetate added to the preparation disappears at rates 
up to 12 mg./g./hr. Using “C-labelled acetate, it can be shown that as much 
as 50-70% of the respiratory carbon dioxide may be derived from added 
acetate. This corresponds to a rate of acetate oxidation of approximately — 
5 mg./g./hr., which is considerably higher than the values obtained in similar 
experiments using the cat heart by Lorber, Lifson, Wood & Barcroft (1946). 


REFERENCES 
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The effect of leemenal blood acidity on respiration and on the 
response to By J. H. WoLsTtENcROFT 


Changes in the blood flow in the human skin and muscle following 
sympathectomy. By R. 8. Durr. Sherrington School of a 
St Thomas's Hospital Medical School, London, S.E. | 


Sympathectomy has been shown, in the human subject, to cause vasodilatation 


in the hand and foot (representing mainly skin circulation), which reaches 


a peak some 24-48 hr. after operation (Barcroft & Walker, 1949; Lynn & 
Barcroft, 1950). Thereafter the blood flow subsides gradually, till towards the 


cS end of the first week it has returned to near the resting level. 
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~ Simultaneous measurement of the blood flow in the forearm (mainly muscle) 
and in the hand (skin) of sympathectomized limbs now shows (1) that the peak 
dilatation in the forearm occurs within 12 hr. of operation, at a time somewhat 
before the peak dilatation in the hand; (2) that the increase in blood flow 
in the forearm is less than that in the hand; and (3) that the forearm vaso- 
dilatation is of shorter duration than that in the hand. 


The delay in the appearance of the peak dilatation in the hand may a 


attributable to the earlier shunting of the increased blood flow through the 
vascular bed of the forearm. The smaller peak dilatation in the forearm may 
be related to the fact that the blood vessels in skeletal muscle are normally 
under less complete nervous control than the skin blood vessels. Despite these 
differences, the recovery of tone follows a similar pattern in the vascular beds 
of skin and muscle. This suggests that similar factors may be — for 
the regain of tone in both groups of vessels. 
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The part played by the nervous system in the response to cold of 
_ the circulation through the finger tip. By A. D. M. Greenriz.p, 

J. T. Soepnerp and R. F. WHELAN. Department of Physiology, The Queen’s 

Unwersity of Belfast 
Lewis (1930) failed to find the normal vasodilatation on immersing a finger 
tip in water at about 0° C. in persons in whom the sensory nerves had been cut 
and had had time to degenerate. Grant, Bland & Camp (1933), however, 
found that the response in the rabbit's ear was largely independent of nerves. 
We have reinvestigated the response of the human finger to immersion in water 


between 0 and 6° C. using a calorimetric method (Greenfield & Shepherd, 1950) _ 


to obtain quantitative results. 

Six cases of peripheral nerve injury have been oxkadaed, all of whom had 
complete anaesthesia of at least one finger, and in three of whom a peripheral 
nerve had been seen to be completely divided. We confirm Lewis’s obser- 
ted that there is a good vasodilator response in the early days after nerve 

ion 

Between the 30th and 201st days after nerve injury, a sufficient interval for 
the degeneration of the somatic nerve fibres, the response was 20-50% of the 
normal size after preliminary immersion in water at 29°C. for 20 min. before 
insertion into the cold calorimeter. If, however, the preliminary immersion 
of the anaesthetic finger was at 42° C., a vasodilator response of 50-90% of the 
normal size was obtained in every case and on every occasion. We have 
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evidence to show that this was a genuine vasodilatation, and not merely 
a continuation of the high blood flow induced by the preliminary heating. After 
preliminary immersion at 15°C. the response was almost absent. The tem- 
perature during preliminary immersion made little difference to the response of 
the normal finger. 

We conclude that it is unnecessary to postulate a local axon reflex as the 


basic mechanism of cold vasodilatation, but that the response is considerably 


improved if the somatic nerves are intact. 
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The influence of sodium  -resorcylate on corneal wound healing 
in the guinea-pig. By F. W. Campseti and K. C. WyBar. The Institute 
of Physiology and The Tennent Institute of Ophthalmology, The University of 
Glasgow 

Sodium y-resorcylate has been found by Reid, Watson, Cochran & Sproull 

(1951) to be about ten times as powerful as sodium salicylate in the 

treatment of acute rheumatism. The clinical effects of this drug resemble those 

of ACTH and of cortisone. This similarity has been supported by investi- 

gations on experimental animals by Buttle (1951) and Prunty (1951). 
Standard heat injuries (Campbell, Ferguson & Garry, 1950) were inflicted 

on the anaesthetized corneae of two groups of guinea-pigs. There were ten 

animals in each group. One group received daily 25 mg. sodium +-resorcylate 
in 0-5 ml. distilled water intraperitoneally, and the control group received 
only 0-5 ml. distilled water daily intraperitoneally. The degree of epithelial 
healing was estimated every 12 hr. using a fluorescein solution (Campbell & 

Boyd, 1950), and the lesions were examined histologically at the conclusion of 

the experiment. | 

Sodium y-resorcylate did not influence the rate of healing during the first 
108 hr. By this time fluorescence had ceased in most of the injuries of both 
groups, indicating restoration of epithelium over the site of injury. Thereafter 
a significant number of lesions in the group receiving sodium y-resorcylate 
began to fluoresce once more. This indicated a failure of maintenance of the 
epithelium at the site of injury. Histological examination showed a diminished 
cellular reaction and a thinning of the substantia propria at the injured 
in this group as compared with the control group. | 
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There is little doubt that sodium y-resorcylate impairs the new formation 
of collagenous tissue in the cornea after injury. Since cortisone is thought also 
to retard connective tissue formation, here is another indication of similarity 
in action between these compounds. 


We are indebted to Dr J. Reid, of the M.R.C, Chemotherapeutic Research Unit in Glasgow, for 
a supply of sodium ‘y-resorcylate. 7 
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Paper -chromatographic study of the secretion of the adrenal cortex 


in various mammalian species. By I. E. Busn. National Institute for 


Medical Research, The Ridgeway, Mill Hill, London, N.W.7 


In 1943 Vogt described the surprisingly high cortical activity of adrenal 
venous plasma, and other workers have since made bioassays of this material 
(Vogt, 1943; Brownell, 1950; Spencer, 1950; Hartmann & Liu, 1950). In order 
to study the chemical nature of this secretion a paper-partition chromato- 
graphic method, which improves on the method previously described (Bush, 
1950, 1951), has been developed for steroids and used to analyse extracts of 
adrenal venous blood drawn from anaesthetized, heparinized animals. 3 

The chromatographic systems used were: benzene/50% methanol; ben- 
zene +light petroleum (b.p. 90-110°C.) 1:1 by vol./80% methanol; and 
benzene+light petroleum 1:2 by vol./80% methanol; equilibrated and run 
at 32-40° C. The steroids were detected by the method of Markham & Smith 
(1949). 

Large amounts of 17-hydroxycorticosterone (I) and some corticosterone (II) 
have been demonstrated in dog and cow adrenal effluent (Nelson, Reich & 
Samuels, 1950; Nelson, Reich & Zaffaroni, 1951; Hechter, 1950), but pre- 
liminary results obtained with the above methods show considerable species 
differences in cortical secretion. The dog and cat secrete mainly I and some IT; 
the ferret roughly equal amounts of I and II; the rat and rabbit mainly, if not 
entirely, II; the guinea-pig mainly I but also II, 11-dehydrocorticosterone and 
11-dehydro-17-hydroxycorticosterone. Small amounts of other compounds 
present in gland extracts have appeared in the adrenal effluent of dog, rat and 
rabbit but need further study. 

Rough estimations of quantity have been made from these chromatograms. 
All:these species secrete at the high rate indicated by Vogt’s experiments, but 
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in terms of body weight the rat has an exceptionally high rate of secretion. 
Intravenous injection of ACTH (Armour) increased the secretion rate within 


a few minutes, provided that the stress of the operation had not “— 
caused a maximal rate. 


Work done while holding a Medical Research Council grant. 
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The accommodation reflex and its stimulus. By E. F. Fincuam. 

Department of Ophthalmic Optics, Institute of Ophthalmology, London 
If a negative lens of, say, 1-2 dioptres is placed before the normal eye of a young 
subject, distant objects are still seen clearly, the eyes having accommodated to 
neutralize the effect of the lens. When the lens is removed the accommodation 
is relaxed. A young hypermetropic subject exerts accommodation to correct 
his error until a positive lens is placed before the eye, when the accommodation 
is relaxed. These are reflex actions because the subject is not conscious of 
a difference in the appearance of the scene which could stimulate a voluntary 
adjustment. A study of this reaction in fifty-five subjects by objective methods 
has shown that the change in accommodation is always in the appropriate 
direction, and is not effected by a trial-and-error method; therefore the brain 
must be informed whether the light, reaching the retina, is convergent or 
divergent. It has been found that many subjects do not show the reaction 
with monochromatic light, and it does not occur unless the eye is allowed to 
make small scanning movements. 

It can be shown that, when the eye turns through a small angle from the 
point of fixation, the rays of light at the opposite sides of the blur-circles on 
the retina acquire different degrees of obliquity to the surface. This difference 
is opposite in direction for myopia and hypermetropia. Thus, through the 
operation of the Stiles-Crawford effect during scanning, the visual mechanism 
interprets a difference of light-vergence in terms of a difference of brightness, 


__ It is concluded that chromatic aberration and the Stiles-Crawford effect both 


operate in stimulating the accommodation reflex. 
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Swimming in very cold water. By E. M. Guaser and G. R, Hervey. 
Department of Experimental M: edicine, University of Cambridge 


It has been claimed that a man loses no more heat in water near freezing-point 
than he should be able to produce while swimming, and it was suggested that 
swimming might prolong survival in icy water (Glaser, 1950). In order to 
find out whether people could indeed swim for some time in very cold water, 
three men wearing ordinary clothes jumped into a pool at a water temperature 
of about 2° C, One was a bad swimmer, one a moderate swimmer who was not 
fit, and the third a good swimmer. All three subjects were gasping for breath 
within 30 sec. of entering the water, and the first two named had to leave the 
pool after less than 2 min. because they were too breathless to swim. The good 
swimmer became gradually less breathless and he swam without difficulty for 
9 min. until he was asked to leave the water. It can be calculated that he 
should have lost some 100 Cal. while he was in the water, and that this should 
have lowered his average body temperature by about 1:5° C., but measure- 
ments of his skin temperature and rectal temperature suggest that such cooling 
could not have taken place. 

The entire skin of all three subjects was very painful while they were in the 
water, and it became bright red when they left it. : 
Respiratory distress following immersion in icy water has been described 
before (Alexander, 1945), and it may be a result of pulmonary congestion 

(Glaser, 1949). 
REFERENCES 
water. Appendix 7, 0.1.0.8. Rep. 26, 37. 
Glaser, E. M. (1949). J. Physiol. 108, 366. 
Glaser, E. M. (1950). Nature, Lond., 166, 1068. 


A new visual pigment absorbing maximally at 467 mp. By H. J. A. 
DaRTNALL. Group for Research in the Physiology a Vision, Institute of 
Ophthalmology, London 


Aqui digitonin extracts of retinae of the dark-adapted tench contain 
a photosensitive pigment (A,,., =467+3 mp.) in addition to visual violet 
(Amax, =533 + 2 my.), the normal scotopic pigment of fresh-water fish (Dartnall, 
1950). By bleaching the retinal extracts with monochromatic light of long 
wave-length (600 my. or more), the visual violet component may be pre- 
_ ferentially bleached without affecting the new pigment; this may then be 
ak with white light or monochromatic light of short wave-length (530 mz. 
or less 

That the new pigment is not a stage in the bleaching of visual violet is 
shown by control experiments with an’ extract of dark-adapted pike retinae. 
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This contained visual violet only, with precisely the same properties as in the 


tench extracts. 

The new pigment is believed to be a visual pigment because of its similarity in 
properties to the known visual pigments. Thus it has an absorption spectrum 
which is independent of pH, gives rise to yellow products on bleaching and 


has a thermal stability comparable with that of the other visual pigments. 


Further, its absorption spectrum, when plotted on a frequency scale, is 


identical in shape with those of the visual pigments, visual purple, visual violet 


and iodopsin. 
REFERENCE 
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The recovery of manual ability after lesions in the hand area of the 
sensory cortex in monkeys. By J. Cotz and P. Gurxs. Laboratory of 
Physiology, University of Oxford | 

Extending our previous work on the motor cortex (Glees & Cole, 1950) into 

the sensory areas 3, 1, 2, we have found in monkeys trained to skilled acts 

that small lesions in the hand area of the sensory cortex cause temporary 


“ disuse of the contralateral hand for: (a) skills requiring motor power, (b) dis- 


crimination of three-dimensional solids, (c) acts involving dexterity of the 


: fingers and thumb. 


The results of such lesions are more severe than those produced by similar 


| injuries in the motor areas; and for a time even the use of the hand for feeding 
_ and cage climbing may be abandoned. 


Hypotonia as recorded by Peele (1944) was observed, as was also the 
maintenance of the affected limb in a bizarre posture in which it had been 


We are able to confirm Kessler & Kennard (1940), who found that accuracy 
in the performance of fine motor acts was increased by visual attention. 

We observed that a very considerable degree of recovery takes place as 
reported by Ruch, Fulton & German (1938) in their chimpanzees with more 
extensive lesions; motor power returns almost to normal, the ability to 


discriminate three-dimensional solids reappears, but a certain slowness of — 


movement and loss of dexterity remain. Efferent connexions of the post- 
central gyrus can be traced in area 4 anteriorly and into area 5 posteriorly, 


| A subcortical projections reach the postero-lateral nucleus of the thalamus. The 
_ callosal connexion is well marked and consists of fine fibres. 
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The determination of the equilibrium constants of the four inter- 
mediate reactions of oxygen with haemoglobin. By R. L. J. Lyster, 
A. B. Orts* and F. J. W. Roventron. Department of Colloid Science, 
University of Cambridge 

According to the intermediate compound hypothesis 0, yaad CO) reacts 

with haemoglobin in four successive stages: 


Hb,+0,=Hb,0, (equilibrium constant, X,), 
Hb,0,+0,=Hb,0, (equilibrium constant, K;), 48) 
Hb,0,+0,=Hb,0,° (equilibrium constant, K;), (3) 
Hb,0,+0,2Hb,0, (equilibrium constant, K,), (4) 


Let y= percentage saturation/100, »=oxygen pressure. Application of the 
law of mass action to equations (1)~(4) leads then to the relation 
dy + Kyp Kap? (Ay —2) + Kap? 


whence it can be shown that 
| Y=K,X+K,K,. | 
where Y=—[4y+K,p (4y—1)]/{p*K, [(4y—3)+ Kyp (4y—4)]}, (7) 
X=(4y—2)/{p [(4y—3) + (4y—4)]}. (8) 


K, is determined separately by special measurements at the extreme bottom 
of the dissociation curve (Paul & Roughton, 1949, 1951), and K, is likewise 
determined separately by special measurements at the top of the curve 
(Roughton, 1951). Knowing K, and K, independently, the values of Y and X 
can then be calculated from accurate data over the main range of the dis- 
sociation curve (10-90% saturation). A plot of Y versus X should give 
_ a straight line of slope K,, intercepting the Y-axis at a distance K,K, from 
the origin. K, and K,K; are thus separately obtained, K,K, with eerie 
accuracy than K,. 

This procedure has been applied to solutions of sheep haemoglobin (3-4 g./ 
100 ml.) in m/5-borate buffer, pH 9-1, 19° C., new technique (Otis & Roughton, 


1951) having been devised to give higher accuracy than heretofore over the 
main part of the dissociation curve. 


Our thanks are due to Mr H. E. Daniels for help in the statistical analysis of the results. 


* Fulbright Research Scholar. 
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A comparison between adults, full-term and premature infants in 
their respiratory response to oxygen. By K. W. Cross and T. E. 
Orrk. Physiology Department, and the Paediatric Unit, St Mary’s Hospital 
Medical School, London | 

The respiratory behaviour of a group of healthy but premature infants has 

_ been studied by the use of the body plethysmograph (Cross, 1949), and gas 
mixtures (100% oxygen or 15% oxygen in 85% nitrogen) have been supplied 

according to the technique of Cross & Warner (1951). 

The results on full-term infants already reported, and the results obtained 
by Dripps & Comroe (1947) on the adult human subject, show that the 
immediate response to 100% oxygen is in all cases a diminution in the minute 
volume, which is most marked in the group of ten premature infants of 
1:8 kg. or less. Subsequent to this initial drop there is a stimulation of re- 
spiration in all groups. ae 

With 15% oxygen in the inspired air, both full-term and premature infants 

. respond with an immediate increase in pulmonary ventilation, which is not 
_ maintained beyond the second minute in either group. On the other hand, 
an adult subject has a significant rise of ventilation at the 6th to the 8th 
minute. When premature infants are given 100% oxygen immediately after 
5 min. on 15% oxygen, there is a dramatic fall in the minute volume which is 
significantly more marked in the group of premature infants of 1-8 kg. and 

- under. This drop can hardly be explained on the basis of CO, wash-out during 
the administration of 15% oxygen (for the over-all hyperventilation is only 
2-4% for the 5 min. hypoxia). 

It is tentatively suggested that there is an active carotid body reflex in the 
full-term and premature infant which is apparently more active than in the 
adult human subject. It also appears that this reflex accommodates or fatigues 
rapidly in newborn infants, but this accommodation is less complete in the 
full-term than in the premature baby. | 
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Relation between glomerular filtration rate and sodium excretion | 
in man. By T. M. Cuatmers, A. A. G. Lewis and G. L. S. Pawan, 
Department of Medicine, Middlesex Hospital Medical School, London 

Twenty observations were made on eight healthy male subjects during diuresis 

induced by drinking a litre of 0-15% sodium chloride solution and maintained 

_ by drinking as much water as was passed in each 15-20 min. urine —" 
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period. Once diuresis was established, preliminary observations showed that 
urine flow, sodium excretion, glomerular filtration rate (g.f-r.) (inulin) and 
renal plasma flow (PAH) would remain fairly constant over a 14-2 hr. period 
for subjects resting in the semi-recumbent posture. When congesting cuffs 


were applied to the thighs for 30-40 min., g.f.r. fell to an average of 62%, and 


renal plasma flow to 70% of initial levels. On releasing the cuffs renal plasma 
flow promptly returned to normal and g.f.r. rose sharply, but usually did not. 
exceed 90% of initial values during the next 45 min. During the period of 
application of the cuffs both urine flow and urinary sodium concentration fell 
slightly, leading to a moderate reduction in absolute sodium excretion, to 
about 65% of initial values. This is in contrast to the striking fall in sodium 
output produced by a 30-40% reduction of g.f.r. in dogs (Selkurt, Hall & 
Spencer, 1949; Pitts & Duggan, 1950). Release of the cuffs was not im- 
mediately followed by recovery of sodium excretion in spite of the sharp rise 
of g.f.r. | 

Little change in heart rate or systemic blood pressure occurred during the 
application of cuffs, except in one subject who fainted after 30 min. The faint 
was associated with a large release of antidiuretic hormone (Noble, Plunkett & 
Taylor, 1950) and was followed by prolonged reduction of g.f.r. and renal 
plasma flow. An equally long inhibition of diuresis and a similar fall in g-f.r. 
were produced in another subject by the intravenous injection of 2 units of 
*Pitressin’. 

REFERENCES 
Noble, R. L., Plunkett, E, R. & Taylor, N. B. G. (1960). Recent Progress in Hormone Research, 5. 
New York: Academic Press. ‘ee, 

Pitts, R. F, & Duggan, J. J. (1950). J. clin, Invest, 29, 872. 
Selkurt, E. E., Hall, P. W. & Spencer, M. P. (1949). Amer. J, Physiol. 159, 369. 


Intrinsic diurnal rhythm in urinary electrolyte output. By J. N. 
Mitts and 8. W. Sranpury.* Departments of Physiology and Medicine, 
University of Manchester | 
Stanbury & Thomson (1951) have shown that the urinary output of sodium, 
potassium, chloride and bicarbonate show a marked diurnal rhythm, being 
low in the night and rising abruptly in the morning. Mills (1951) showed that, 
under controlled conditions of food and fluid intake, the urinary flow followed 
a 24 hr. cycle even if subjects lived on a 12 hr. cycle, and that midnight flows 
remained below midday flows even when subjects had for a week interchanged 
their habitual a.m. and p.m. activities. | 
- The routine of Mills (1951), i.e. 48 hr. on a precisely repeated 12 hr. cycle of 
activities, has been followed by five subjects, and the urinary volume, pH, and 
output of sodium, potassium, chloride and phosphate determined. ee 
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waking. 


_ acid than the corresponding p.m. values, and in addition samples collected 
during sleep were more alkaline than preceding and subsequent waking 
samples. 


4 The carotid circulation in the dog and the vascular supply to the 
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Phosphate excretion always rose on waking, but the 8.30 p.m. exceeded the 
8.30 a.m. peak. 

Excretion of other electrolytes showed a persistence of 24-hourly rhythm, 
although one subject showed superimposed peaks of potassium excretion on 


Urine flow wasclosely correlated with excretion of sodium.+ potassium 
(r =0-84-0-96), and high flows were associated with increased concentration. 
The flow appears to be osmotically determined. 


_ Urinary pH followed a 24 hr. cycle, with midnight to 8 a.m. samples more 


* Beit Memorial Research Fellow. 
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The electro-magnetic measurement of blood flow in dacs 


on PAH and creatinine clearances in the 
R. V. Settwoop and E. B. Verney 


hypothalamus. By P. A. JEWELL 


‘iemuatiguliote on the localization of the osmoreceptors. 
By P. A. Jewew and E. B. VEBNEY 


- Possible factors involved in the control of the glomerular circula- 


tion. By R. V. SELLwoop 


An inhibitory component in the gastric response to insulin hypo- 
glycaemia in Heidenhain pouches in dogs. By Pameta A. Bursa. 
and B, Scuorrep. Department of Physiology, The Medical School, King’s 
College, Newcastle upon Tyne 4 

A high proportion of Heidenhain pouch dogs are saealias -positive, i.e. they 


_ produce a small but definite acid secretion in response to insulin hypoglycaemia 
_ (Schofield, 1950). Karvinen & Karvonen (1950, personal communication) 
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report that a high rate of histamine-induced secretion in Heidenhain pouches 
is depressed by approximately 50% during insulin hypoglycaemia. It seems 
possible that the secretion produced in insulin-positive animals represents a 
balance between a stimulant and a depressant effect, and the following evidence 
supports this point of view. 


(1) In insulin-negative Heidenhain pouches, any resting secretion salts off 


during insulin hypoglycaemia. 

(2) In insulin-positive animals, the peak of the acid response is usually 
attained within l hr. of the insulin being given. After this the secretion 
declines, though the lowest blood-sugar level is not reached till between 1 and 
2 hr. The hypoglycaemia continues after the acid response is over, evuregal 
with large doses of insulin. 

(3) Dogs with insulin-positive Heidenhain pouches normally secrete acid in 
response to psychic stimulation. This response is absent if the stimulation is 
applied in the later stages of insulin hypoglycaemia. 

__ A series of experiments on three Heidenhain pouch animals, two insulin- 
positive and one insulin-negative, has been carried out to investigate the 
depressant effect. Using a similar technique for assessment of secretion to that 
previously described (Schofield, 1950), two doses of 0-25 mg. ‘Mechothane’ 
(urethane of f-methyl-choline hydrochloride) are given intravenously at 
intervals of 23-34 hr. The total acid produced by each dose is estimated and 
the difference between the two expressed as a percentage of the first. Nine con- 
trol experiments showed a mean difference of +16-4%+7:8%. In six experi- 
ments insulin (1-5-2 units/kg.) was given intravenously after the first ‘Mecho- 
thane’ response, and the second dose of ‘Mechothane’ was given during the 
later stages of hypoglycaemia when the insulin secretion was nearly or com- 
pletely over. This series showed a mean difference of —46-7% + 82%, which 
— is a significant reduction compared with the controls (¢=5-4, Pe <0!) and 

is of the same order as that found by Karvinen & Karvonen, . | 

This work has been aided by a grant from the Medical Research Council. 


REFERENCES 
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Noradrenaline and guinea-pig suprarenal glands. By D. M. SaePHERD 


and G. B. Wxsr. Pharmacology Laboratory, University of St Andrews, 
Medical School, Dundee 


Kuler, Hamberg & Purkhold (1949) and Schuler & Heinrich (1949) have given 
evidence to show that extracts of suprarenals of guinea-pigs contain adrenaline 


and noradrenaline, the latter comprising about 24% of the total amines 
present. We have been unable to confirm this — Traces of noradrenaline 
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have been found in twelve out of forty-one extracts, but the content has never 


exceeded 5% of the total amines present. In addition, the average total - 


activity in the glands by biological assay and by paper chromatography 
(127 »g. adrenaline/g. fresh tissue) is only about one-third of that previously 


~ reported by chemical assay (iodine method). | 


REFERENCES 


"Euler, U. 8. v., Hamberg, U. & Purkhold, A. (1949). Experientia, 5, 451. 
Schuler, W. & Heinrich, P. (1949). Helv. physiol. pharmacol, Acta, 7, 515. 


_ Muscle performance of rats treated with growth hormone. By 


Brenda and Barpara Jenrinc. Department of Physiology, 
University College London 


Female hooded Norway rats were arranged in pairs of almost identical weight. 
They were pair-fed, one member of each pair receiving a daily subcutaneous 


_ injection of 0-5 mg. of ‘pure’ growth hormone for 21 days. The preparation 


used was the ‘fraction B’ of Wilhelmi, Fishman & Russell (1948). At the end 


_ of this time the treated animals were about 20% heavier than the controls. 


The rats were then decerebrated and the right quadriceps muscle of each 


_ prepared for myographic recording. Single maximal twitches, summated 
_ twitches, tetani and rates of fatigue were recorded optically. At the end of 


eagh experiment the muscle was removed from the body and weighed. Slides 


_ were made of transverse sections of the muscle using a freezing microtome and 
_ the average cross-sectional area of the fibres measured with a planimeter. | 


An increase of 6-12, was found in the cross-sectional area of the fibres from 


the treated rats. The tensions produced by these muscles, however, when 


expressed as g. tension per g. muscle wt., were all significantly lower than 
those produced by the muscles of the control rats. Indeed, the tetanic tensions 


: obtained from the rats treated with growth hormone, even when uncorrected 
_ for muscle weight, were significantly lower (P=0-01) than those of the un- 
treated rats. | 


REFERENCE 
Wilhelmi, A. E., Fishman, J. B. & Russell, J. A. (1948). J. biol. Chem. 176, 735. 


Electromyographic study of reflex activity of the abdominal muscles 


of the cat. By Mary Cuenneis and W. F. Fioyp. Department of 
Physiology, The Middlesex Hospital Medical School, London 


: Reflex contraction of abdominal wall muscles of cats under chloralose anaes- 
_ thesia. was studied electromyographically. The nerves stimulated to produce 
_ the reflex were the central ends of T.13 to L.3 (skin branches), sciatic and 
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femoral nerves. Reflex contraction obtained by stimulation of a T.13 to L.3 


Influence of the on temperature of animals. 
By M. Maqsoop. School of Agriculture, University of Cambridge 


skin branch, either electrically, or mechanically by skin sagen epee can be 
inhibited of the sciatic nerve, 


Since the body temperature gives an indication of the physiological state of 


an animal, the effects of administration of different doses of thyroxine and 
thiouracil, for short or long periods, on the internal body temperature of some 
species of animals have been investigated. re 

Thyroxine when administered in physiological doses did not significantly 


affect the rectal temperature of the young male rabbit at different ages, but 


larger doses resulted in a significant increase in the body temperature. A series 
of experiments shows that there is a relationship between the rise in the 
internal body temperature and the dose of thyroxine administered in the 
rabbit. The increase above the normal body temperature of rabbits fed large 
doses of thyroxine was relatively higher during the summer than during the 
winter months. Administration of moderate doses of thyroprotein (thyro- 

active iodinated casein) did not significantly affect the rectal temperature of 
the young ram. : 

Continuous thiouracil treatment resulted in a significant decrease in the 
body temperature of the rabbit and the ram when compared with their re- 
spective controls. Simultaneous administration of thyroxine in amounts about 
equal to the estimated thyroxine secretion rate to the thiouracil-treated 
rabbits, maintained the rectal temperature at the same level as that of the 
control animals, 

The body temperature of some species of animals appears to be regulated by 
the thyroid gland, but further work is needed to elucidate the hormonal aspect 
of the mechanism of heat regulation. 


This work was sded by grant from the Agrentaral Research Council 


The hormone control of ovulation in the calf. By W. G. R. Marpen. 
School of Agriculture, University of Cambridge | 
Subcutaneous horse anterior pituitary injections (F.S.H.) given every 12 hr. 


for 3-4 days can produce follicular development in the calf as early asthe 


first week after birth. After the first few days of extra-uterine life there occurs 
no further increase in ovarian response to F.8.H. The calf at 3 weeks responds 
as well as animals at 20 weeks. Ovulation can occur spontaneously in the calf 
at less than 3 weeks srsiees birth, provided the follicles have been eed 
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by F.8:H. However, the number of ovulations is small when compared with 
the number of large foilicles developed. Intravenous injection of H.C.G. 


(human chorionic gonadrotrophin) or cattle anterior pituitary extracts high in 


- LH. will not substantially increase the number of ovulations obtained from 


calves receiving only one series of F.8.H. injections. Superovulation with the 


_ formation of multiple corpora lutea can be obtained in the immature calf 
by repeating the, original F.8.H. treatment after an interval of 15 days and 
_ then giving a subcutaneous. injection of L.H. at the 2ist day. The rate of 


descent of ova in the uterine tube in the calf is not substantially influenced by 
the age of the animal, but is greatly accelerated by the presence of an active 


corpus luteum at the time of the L.H. injection. 


This work was aided by grants from the Agricultural Research Council. 


Exchangeability of: muscle potassium. By R. Caress. 
London Hospital Medical College 


Early work with “K, summarized by Krogh (1946), suggested that only 
a proportion of the intracellular potassium in skeletal muscle could be ex- 
changed with that in the extracellular fluid. This question has been examined 


in isolated rat diaphragm muscle. 


After 2 hr. preliminary equilibration in Krebs’s solution (containing 5 mg. 


2 Ca**/100 ml.) the muscles reached a steady state with no further net exchange 


of potassium. The bath fluid was then changed to one of identical chemical 


. : composition but in which some of the potassium was present as “K. The — 


external fluid was frequently renewed, and after various time intervals the 


- muscles were removed and the radioactivity associated with both the muscle 


potassium and the potassium in the surrounding fluid was determined. This 


enabled the fraction of muscle potassium which had exchanged to be calcu- 


lated. Potassium was determined by the phosphotungstate method of van 


_ Slyke & Rieben (1944) with an accuracy of +1-5%. 


All the potassium appeared to exchange at the same rate, with a half-time 
at 38° C. of 47 min. (time constant 69 min.) for the combined permeation and 
diffusion process (Harris & Burn, 1949) in muscles from rats weighing 120 g. 
Measurements after 5-9 hr. showed that ee aria had occurred 


(99 8.D, of 20 observations + 2:5). 
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Contractions of the reticulum of the young goat. By R. 8. Comune 
and D. A. Trronen. Physiological Laboratory, University of Cambridge — 
Contraction of the musculature of the stomach on stimulation of the thoracic 
sympathetic trunk has been reported in the cat and dog (Brown, McSwiney & 
Wadge, 1930), but notin any of the ruminants in which the sympathetic nervous 
system and adrenaline are generally held to inhibit movements of the stomach. 

In young goats, 1-8 weeks old, continuous localized contractions of the 
reticulum have been observed in both decerebrate and spinal preparations and 
in animals anaesthetized with chloralose. The contractions remained after 
cutting both the vagus and the splanchnic nerves and after destruction of the 
_ spinal cord in the thoracic and lumbar regions. is 

The activity of the reticulum was recorded from a slip of the wall about 
4cm. long and 1-1} cm. wide which remained attached, with a blood and 
nerve supply, to the posterior pole of the organ. The free end of the slip was 
connected to a frontal writing lever. ; 

The spontaneous contractions of the reticulum were abolished by the in- 
jection of both atropine and 933F, but in several preparations were only 
reduced and not abolished by the injection of one of these substances. A con- 
traction occurred after the intravenous injection of L-adrenaline and L-nor- 
adrenaline (2-5-10 yg./kg.). This effect of adrenaline was abolished by 933F 
(0-4-1-2 mg./kg.), but not by atropine sulphate (0-2 mg./kg.) injected intra- 
venously. 

An intense contraction of the slip, and of the rest of the reticulum, occurred 
on stimulation of either of the cervical vagus nerves. This was abolished by 
atropine but was not affected by 933F. In contrast, stimulation of a splanchnic 
nerve or a thoracic sympathetic trunk produced a smaller contraction which 
was not affected by atropine but was abolished by 933F. | 
_ The injection of adrenaline produced a contraction of the reticulum in 
decerebrate adult goats. No contractions of the reticulum were found in calves 
up to 10 days old on stimulation of the splanchnic nerves or on the injection 
of adrenaline. 

This work was aided by a grant from the Agricultural Research Council. 


_ Brown, G. L., McSwiney, B. A. & Wadge, W. J. (1930). J. Physiol. 70, 253. 


The inhibition of aconitase by the ‘active’ factor formed from 
fluoroacetate in poisoned kidney tissue. By W. D. Lorsrztcn, R. A. 
Perers and T. H. Witson. Biochemistry Department, University of Oxford 

In connexion with the accumulations of citrate induced by fluoroacetate in vivo 

and im vitro, Buffa, Peters & Wakelin (1951) have isolated fluorine-containing 

tricarboxylic acid fractions (called ‘active’) from guinea-pig kidney homo- 
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: “genates treated with fluoroacetate; other evidence of conversion of fluoro- 
_ acetate to fluorocitrate has been provided by Elliot & Kalnitsky (1950). Studying 


the first three enzymes involved in the oxidation of citric acid, Buffa, Lotspeich, 


_ Peters & Wakelin (1950) found that this ‘active’ fraction did not inhibit 
' the water-soluble enzymes, aconitase, isocitric dehydrogenase or oxalosuccinic 
_ decarboxylase. Further studies in this laboratory by an improved technique 
_ have shown definite inhibition of one of these enzymes, namely, aconitase, by 
partially purified preparation of this ‘active’ fraction. By incubating the 
enzyme with the inhibitor prior to the addition of substrate large inhibitions 
observed. 


A water extract of pigeon-breast muscle, stabilized with ferrous sulphate 


| and cysteine (Dickman & Cloutier, 1950), was incubated at 17° C. for 30 min. 
with ‘active’ fraction (provided by Peters & Wakelin). Citrate was then added 
to give a concentration of 1 mg./ml. in the mixture and incubation continued 
at 17°C. After various time intervals samples were withdrawn, deproteinized 
__ with trichloroacetic acid, and analysed for isocitric acid enzymatically (Ochoa, 
1948). The reverse reaction was also studied oY adding isocitrate and estimating 
citrate under similar conditions. 

- Both the forward and the reverse reaction of aconitase are inhibited tical 
2 by the ‘active’ fraction and to a similar extent. | 


REFERENCES 


Buffa, P., Lotepeich, W. D., Peters, R. A. & Wakelin, R. W. (1950). Biochem. J. 47, xvii. 
Buffa, P., Peters, R. A. & Wakelin, R. W. (1951). Biochem. J. 48, 467. 

Dickman, 8. R. & Cloutier, A. A. (1950). Arch. Biochem. 25, 229. 

Elliot, W. B. & Kalnitaky, G. (1950). J. biol. Chem. 186, 487. 

Ochoa, 8. (1948). J. biol. Chem. 174, 133. 


e Local response of the cat’s endometrium to progesterone and other 


steroids. By J. M. Rosson and A. A. Suarar 


: The transfer of carbon dioxide across the placental barrier in the 


rabbit and in the sheep. By I. Maureen Youne 


: Passive characteristics of electrogenic tissue in Electrophorus elec- 


tricus. By D. H. M. Ferrera and A. FEssarD 
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* Renal cortical ischaemia, with maintained medullary circulation. 
By P. M. Dantet, C. N. Peasopy and Marsorre M. L. Pricuarp. 
Nuffield Institute for Medical Research, University of Oxford 


_ Further studies of the renal circulation have been carried out by means of serial 


angiography. Several species of animals have been used and the kidney has 


been exteriorized so that the mtrarenal circulation could be demonstrated in 
greater detail. In these studies it has been found that an ischaemia of the 
cortex of the kidney, with a maintained circulation through the medulla, may 


~ occur in the cat, dog, monkey and sheep. Thus the phenomenon previously 


observed in the rabbit (Trueta, Barclay, Daniel, Franklin & Prichard, 1947) of 

a diversion of the intrarenal blood flow from the cortical to the medullary 

pathways is not confined to this species of animal, as has been suggested by 

_ various workers. 
REFERENCE 


Trueta, J., Barclay, A. E., Daniel, P. M., Franklin, K. J. & Prichard, Marjorie M. L. (1947). 
Studies of the Renal circulation, Oxford: Blackwell Scientific Publications Ltd. 


y A new perfusion valve for use with Dale-Schuster pumps. By I. pr 
ne Buren Daty and M. pe Buren Daty. Institute of Animal Physiology, 
Babraham, Cambridge, and Department of Physiology, University College, 


Two or more Dale-Schuster pumps (1928) connected in parallel to one valve 
chamber can be used when outputs greater than 600 ml./min. are required, 

such as for perfusion of the whole or portion of a large animal (dog). At these 
high outputs the use of the conventional rubber valves have certain disad- 

vantages. The rubber cap or teat type, in which one or more transverse cuts 
are made near its closed end, is competent at all pressures within a physiological 
range, but its maximum output is relatively small, e.g. approximately 300 ml./ 
min. Valves made of flat rubber tubing are capable of delivering larger outputs 
but have a tendency to invert at high pressures. Those based on the flap-valve 
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principle tend to be incompetent at low pressures, so that the output of the 
pump may fluctuate at a critical pressure. 

The valve illustrated is machined from a {% in. square bar of Perspex. It 
consists of a shaft (a) which has a bore ;°s in, and an outside diameter } in. 
This allows the valve to be connected to the glass chamber by means of a short 
piece of rubber tubing. The shaft can, on the input valve, be conveniently 
extended by 2 in. so as to pass through the rubber bung of the chamber. The 
body of the valve (6), internal diameter jin., contains three holes, ;% in. 
diameter, drilled at right angles to the longitudinal axis of the valve, in each 
of the four flat surfaces, thus providing a relatively large area for the outflow 
of the blood from the valve. Strips of thin rubber sheet, } in. wide, are lightly 
stretched over the flat surfaces and are secured in position by threads resting 
in the grooves at either end of the valve. 


| 


It has been found that improved seating of the rubber ensues if the surfaces 
of the valve (b) are given a convex camber, yy in., in the longitudinal axis. 

These valves have been used successfully for perfusing the systemic circula- 
tion of dogs by the method of Daly, Elsden, Hebb, Ludény & Petrovskaia 
(1942). On test, they give an output of 1-91./min. at 100 mm. Hg, using two 
Dale-Schuster pumps in parallel set at their maximum stroke, running at 100 

r.p.m. With four pumps in parallel, their output is 3-75 1./min. They have been 
_ found to be competent over a range of pressures varying from 10 to 300 mm. Hg. 
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Internal calorimetry. By J. Grayson. Department of — 
Physiology, University of Bristol 
Internal calorimetry‘for the measurement of blood flow consists of the m 
ment of the electrical energy required to maintain thermal equilibrium in a 
small constantan heater embedded in the experimental material (Grayson, 
1951). The temperature of the heater is recorded from an attached thermo- 
couple and is kept constant by adjusting the current supplying the heater. 
The wiring diagram is given in Fig. 1. Thermocouple leads from the flow 
recorder connect to the terminals A, or A,, heater leads to B, or B,, cold 


: junction leads to C, or C,. Current is derived from the 220 V. a.c. mains, 


220 V. a.c. 


Fig. 1., Internal calorimetry. Dotted lines, constantan wire; continuous lines, copper wire. 


connected through a variac transformer, V (1P. 220 V., 0.P. 0-240 V.) toa 
fixed transformer, F (1.P. 220 V., 0.P. 6 V.), thus giving fine control of ultimate 
output voltages from 0 to 6 V. Current in.the heater circuit is recorded directly 
with a moving iron milliameter, A; the square of the current by a Cambridge 
Vacuo junction, 7' (rated current 1000 mA.) connected to a Cambridge LY 
Unipivot Galvanometer, G, with an adjustable resistance, C, for calibration. 
In Fig. 1 the heating circuit may be connected to terminals B, or B, by the 
4-pole, 2-way Yaxley switch, XX’, which also controls the thermoelectric 


circuit. Temperatures are recorded thermoelectrically, using a Cambridge Spot 


Galvanometer connected at K, and calibrated by an external resistance R. 


: A junction box, J, contains compensating couples embedded in paraffin 


c2 
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(Lewis, 1929). Cold junctions are controlled by a 2-pole, any Yaxley switch, 

It has been shown (Chester & Grayson, 1951) that with a temperature 
increment of 1°C., J2RocK (where J=current, R=resistance of heater, 
K =thermal conductivity of tissue). Thus, with any given recorder, [*/K is a 
constant which may be used as a standardization factor (Ff). It has been 
measured by recording the J? value from a flow recorder immersed in a 95°, 
gelatine/water gel of known thermal conductivity. The thermal conductivity 
of any tissue is, of course, given by J*/F. Unpublished figures of Birnie & 
Grayson showed that the J* value in dead rat liver was 0-150. The mean /? 


value in living rats at rest was 0-297, and the subtracted J* value was, therefore, 


0-147. The standardization factor of the recorders was 140, consequently the 
apparent increase in thermal conductivity due to the circulation—the con- 
ductivity increment—was 

0-147/140 = 1-05 x 
It has already been shown (Grayson, 1951) that the subtracted J* value is a 
linear function of blood flow. Furthermore, the results of a preliminary series 
of seven experiments suggest that the blood flow through a tissue, in ml./ml./ 
sec., is approximately equal to 12-5 x the conductivity increment. Using this 
relationship, the mean liver flow in rats oe by the above figures is 79 ml./ 
100 ml./min. 

REFERENCES 
Chester, W. & Grayson, J. (1951). Nature, Lond., 168, 521. 


Grayson, J. (1951). J. Physiol. 114, 419. 
Lewis, T. (1929). Heart, 15, 177. 


Action potentials in the midbrain of the cat. 
By Cooper and Marianne 


A class apparatus for blood gas work using the Haldane ferricyanide 
method. By D. J. C. Cunntnenam and C. G. Dovaras 


An improved apparatus for mammalian heart perfusion. By 
J. B. E. Baxer, Department of Physiology, Charing Cross Hospital 
Medwal School, London, W.C. 2 

Many forms of heart-perfusion apparatus have “ti designed without meeting 

fully the following requirements: (1) the maintenance of a constant temperature 

of the heart irrespective of coronary flow, (2) the i of bubbles which 


‘ot 
t 
ay, 
: 
FRG 
7 
¢ 
“a 
|| 
3 
¥ 
4 
Py 
“4 
4 
a 
‘ 


SOCIETY, 6-7 JULY 1951. | 31 P 


_ may enter the cannula, (3) the prevention of drying of the surface of the heart, 

__ (4) the recording of coronary flow by a method not interfered with by extreme 

_ changes in rate or force of beat which may suddenly cause increased emptying 

_ or filling of the right heart. Where the apparatus has met these requirements it 

_ has tended to become complicated (Anderson & Craver, 1948; Lu & Melville, 
1950; Stehle, 1932). 7 


Jacketed Jacketed 
warming coil ’ heart chamber 


Taylor in 1947 demonstrated a jacketed bath for isolated organs heated by 


_ warmed water circulated very rapidly from a thermostatically controlled source, 
_ and this is the principle used for the apparatus now described. This was 
_ designed primarily for student use and may be run in series with other baths for 
Isolated organs. 


Oxygenated perfusion fluid enters a jacketed glass coil at its base, and in its 
passage to the top is warmed to 37° C. by the rapidly circulating water of the 
jacket. At the top the coil connects with a straight tube running axially through 
the jacket. The upper end of this tube acts as a bubble trap and passes through 
the jacket wall to be closed by a piece of thick-walled rubber tubing and spring- 
clip. Through this rubber tubing drug injections may be made. The lower end of 
the vertical tube is expanded for the convenient insertion of the cannula from 
which the heart is suspended. This end of the jacket is narrowed so that a 
jacketed chamber, also warmed by the circulating water, may fit directly round 
the heart and cannula. The narrow annular space between the two jackets may 


then be lightly packed with cotton-wool. Within about 10 min. of setting up a 


preparation the air temperature in the heart chamber reaches that of the 
circulating water. The heart chamber has a narrow aperture through both walls 
in the centre of its base through which may pass the thread for transmitting 
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ventricular contractions and the drips from the coronary outflow. A further 
port may be made in the side if auricular recordings are required. 
_ The apparent coronary flow (Wiggers, 1909) may conveniently be measured 
by a drip-chamber on the input side between the perfusion-fluid reservoir and 
the warming coil. The drops may then be recorded either by fitting the necessary 
contacts and using a Thorp impulse counter, or by counting them directly. 
When the direct method is used it is useful to fit a size of dropper which gives 
drops of +; ml., so that the number per 5 sec. are equal to the rate of flow per 
minute in ml. The size of this drop is constant up to a rate of 40 per 5 sec. 
The dimensions of the apparatus are obviously variable according to the 
types of heart to be used. It has been found that a warming coil of glass tubing 
of internal diameter 4 mm., wall 1 mm. thick, and internal volume 12 ml., will 
heat a maximum of 30 ml. of perfusion fluid per minute to the temperature of 
the circulating water where this is 37° C., room temperature 22° C., and the 
circulation of warm water is not less than about 3-5 1./min. A small centrifugal 
pump (Stuart) delivers 9-51. of water per min. through the jackets of a single 
apparatus, and it should therefore be possible to run several units off one 
pump and heated source. 
Anderson, F. F. & Craver, B. N. (1948). J. Pharmacol. 98, 135. — 
Lu, F. C. & Melville, K. I. (1950). J. Pharmacol. 99, 277. 
Stehle, R. L. (1932). J. Pharmacol. 46, 471. 
Wiggers, C. J. (1909). Amer. J. Physiol. 24, 301. 


An apparatus for manometric blood pressure recording with 
economy of anticoagulant fluid. By I. D, Fzrcuson. Institute of 
Physiology, University of Glasgow ar 

When recording blood pressure with the conventional mercury manom 

there may be danger, during manipulation, either of flooding the animal with 

anticoagulant fluid or of bleeding the animal into the pressure bottle. Basil & 

Somers (1950), by use of a double glass valve inside glass tubing, overcome 

these difficulties in an ingenious fashion. Moreover, since bubbles in the system 

are notoriously difficult to remove, they connect a tube, normally kept closed 

_ by ascrew clip, between the top of the manometer and the reservoir containing 

anticoagulant. | | 

_ However, in practice the valves tend to leak back and the lower valve may 

stick. To overcome this a modification was devised by introducing a three-way 

__ T-bore stopcock (8) between the reservoir (R) and the lower valve (V,) (Fig. 1). 

A rubber bulb (B,) is attached to the side limb of the stopcock. In addition, 

great economy can be exercised in the use of anticoagulant fluid by connecting 

the side limb of the arterial cannula (C) by a tube, normally closed by a screw 
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clip, to the roe hon the reservoir (2). Thus only a total volume of 
approximately 20: eparinized saline or other anticoagulant is required 
_ for recording mammalian blood pressure. Bice 


4 


Fig. 1. The anticoagulant economizer. R, anticoagulant reservoir; S, 3-way T-bore stopcock; 
| ce ‘Vy, lower glass valve; V,, upper glass valve; B, and B, small rubber bulbs; C, arterial cannula; 


F, fannel covered with a layer of gauze. 


In operation, the tube leading to the arterial cannula is clamped and stop- 

_ cock § is turned to communicate with R, V, and B,. Alternate compression 
| and relaxation of B, fills the bulb with fluid. B, is then filled in the same 
Ss fashion. By pumping B, air is driven out of the manometer system until 
| _ anticoagulant fluid returns to the reservoir without bubbles. The tube at the 
i _ top of the manometer is then clamped by screw-clip 1. 

The artery is temporarily occluded and the cannula inserted. The tube lead- 
ing to the arterial cannula is unclamped and B, pumped until anticoagulant 
fluid returns through the tubing from the side limb of the arterial cannula to 
the funnel (F') without bubbles. The tube on the side limb is clamped close to 
the cannula by screw-clip 2. The pressure in the system is then raised by bulb 
B, to a suitable level, stopcock S turned to disconnect R and B, from the valves, 
thus preventing any leak, and the artery released. 
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_ Shonld a clot develop in the cannula, stopoock S is turned to connect & to the 
valves, the artery is temporarily occluded and clip 2 is opened. The cannula is 
flushed through by B,, the spill being collected by F, which is covered with a 
layer of gauze to catch fragments of blood clot. 

Should the lower valve stick, preventing filling of B,, S is turned to connect 
B, to V,. Compression of B, opens the lower valve, B, fills and, when 8 is 
turned back, B, refills. 

The return tube from the cannula provides a convenient route for bleeding 
the animal to death at the end of the experiment. The modified apparatus can 
be used with any of salami 6 and retains the advantages claimed 


for the original. 
REFERENCE 


Basil, B. & Somers, G. F. (1950). J. Pharm. Pharmacol, 2, 200. 


Some pathological effects of fatty acid and folic acid 
deficiencies. By D. G. Jamison 


Staining of thick sections of skin. By E. H. Lzacu 


Continuous measurement of carbon dioxideoutput of small animals. 
By W. M. Davinson, H. W. Hempieman and C. Trorrer 


A method for the quantitative determination of freely diffusible 
histamine. By G. V. R. Born and J. R. Vane 


In vivo perfusion of the stomach with continuous recording of 
blood flow. By G. V. R. Born and J. R. Vane 


A simple stromuhr. By G. 8. Dawes, J. C. Morr and J. R. Vane 


Photogrammetric measurement of body contours, surface area, 


volume and specific gravity in man. By F. T. Fa.kner, E. A. Miskin 
and J. M. Tanner 
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© ieccuiuash degeneration within posterior column nuclei as studied 
by silver methods. By P. Gizss, R. B. Livineston and J. Soter 


Measurement of oxygen consumption by smooth muscle. 
By E. O. B. Saxpy and E. M. Vavenan 


« The responses of single thalamic neurones to stimulation of the 
> skin and of cutaneous nerves. By R. M. Gaze and G. Gorpon 


Measuring apparatus for oscillographic records and for 
other photographs. By E. H. J. Scuusrrr 


A monkey cage. By J. T. Austin, F. Exviner and T. A. Wricut 


A simple recording camera. By T. A. Wricut 


Juxta-glomerular cells. By P. M. Harrrorr and W. Harrrort 


@s 


Fluorescence in peripheral nerve, By W. L. Parry 


Innervation of the rabbit’s tracheal mucous 
membrane. By P. GLEEs 


Innervation of the guinea-pig’s taenia coli. By P. Gures 


The effect of varying CO, tensions upon the shape of the 
human erythrocyte in vitro. By E. A. Brown (Film) 


Sensory cortex lesions in trained monkeys. 
By J. Couz and P. Gizxs (Film) 
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Rate of formation of foetal fructose investigated with “C glucose. 
By D. Atexanper, A. St G. Hueoerr and W. F. Wrppas. 
Physiology Department, St Mary's Hospital Medical School, London 


Experiments have been carried out on pregnant sheep using C-labelled 
glucose to study the appearance of activity in the foetal sugar, particularly 
fructose. 

Two types of experiment ee been performed: (i) in which foetal hyper- 
glycaemia was produced with “C-labelled glucose and additional glucose carrier 
injected into the umbilical vein in quantities of 2 g. [kg. foetal weight and (ii) 
in which ™O€-labelled glucose without additional carrier was slowly injected 
into a maternal vein, no hyperglycaemia being thereby produced. 

The results of these experiments: 

(1) Confirm that glucose injected into the foetal circulation so as to Hiloduoe 
a hyperglycaemia is rapidly lost by back transfer across the placenta to the 
maternal side. 

(2) Show a rapid rise in the relative specific activity of the foetal fructose in 
the hyperglycaemic experiment. This indicates a formation of new fructose at a 


percentage rate which is greater than the percentage rise in fructose concen- 
tration. 


(3) Show a similar rapid rise in the activity of the foetal fructose when no 


hyperglycaemia is produced. This rise is of such magnitude as to suggest the 
view that foetal fructose must be regarded as in a state of dynamical equili- 
brium with a turnover rate of approximately 1% per min. 


The experiments of Huggett, Warren & Warren (1951) have shown that — 


‘fructose formation in the pregnant ewe is a function of the placenta and not of 
the foetus. It is probable that the placenta must also be the site of the major 
part of the removal required by the dynamic state, since the decline of fructose 
levels in separated foetuses is too slow to segura more fe than a fraction of the 
production rate. 
REFERENCE 
Huggett, A. St G., Warren, F. ‘L. & Warren, N. V. (1951), J. Physiol. 118, 258, 


Inability of diffusion to account for placental glucose transfer in 


the sheep. By W. F. Wrppas, Physiology Department, St Mary’s Hospital 
Medical School, London 
Huggett, Warren & Warren (1951) have described experiments in which 
hyperglycaemia was produced in the ewe in order to follow the subsequent rise 
in foetal sugars, particularly fructose. 
A quantitative examination of these results shows that after the first half- 
hour the net transfer of glucose is reduced to a relatively small and almost 
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constant quantity, This rate of transfer continues for the following 2 hr. in 
_ spite of a large and varying concentration gradient between the maternal and 
_ foetal glucose showing a fivefold change in magnitude. 
+ Quantitatively, the results are incapable of explanation on the basis of simple 
_ diffusion, and a carrier system must be presumed. Carrier molecules which 
ctoss the separating membrane by thermal agitation and which are capable of 
_ forming an adsorption complex with glucose have been postulated and the rate 
of transfer calculated assuming the carriers at the maternal and foetal inter- 
faces to be in adsorption equilibrium with the glucose in the respective circula- 
- tions. The net transfer thus being proportional to the difference in saturation 


{ of the two sides. 


__ | These assumptions lead to the expression 

kC,, 
Transfer rate = K (1) 
_ where K, k are constants, C,, and C, are the concentrations of glucose in the 
_ maternal and foetal bloods respectively, and 6 (also a constant) is proportional 
‘to the reciprocal of the average life of the adsorption complex. _ 
When the concentrations are both large, equation (1) is approximately the 


; same as 


1 
Transfer mte=K (2) 


This expression for the dependence of transfer rate upon the maternal and 
foetal concentrations of glucose when these concentrations are large is in close 
_ agreement with the experimental results. 


REFERENCE 
Huggett, A. St G., Warren, F. L. & Warren, N. V. (1951). J. Physiol. 118, 258. 


_ L-DOPA decarboxylase and pressor amine formation in the adrenal 
medulla. By H. Buascuxo, J. H. Burn and C. W. Carter. Departments 
of Biochemistry and, Pharmacology, University of Ozford : | 
It has been shown previously that when rats are fed on a diet deficient in 
pyridoxine, the t-DOPA decarboxylase activity of liver extracts falls (Blaschko, 
Carter, O’Brien & Sloane Stanley, 1948); in severely deficient animals no 
enzymic activity can be detected manometrically. 
It has been suggested that this enzyme may be of importance in adrenaline 
_ and noradrenaline formation (Blaschko, 1939), and Langemann (1950) has 
shown that it is present in ox adrenal medulla. 

__. We have now investigated the amount of pressor amines (adrenaline and 
_ noradrenaline) in the adrenal glands of pyridoxine-deficient rats. We found no 
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deficiency of the gland in pressor amines, as compared with pair-fed rats which 
received pyridoxine, but it was possible to demonstrate an impairment in the 
power to restore the amine content in an exhausted gland. 

Insulin was injected in order to cause a discharge of amines from the adrenal 
medulla. The animals were killed 18 hr. later, and the amount of pressor 
amines in the adrenal glands was determined on the blood pressure of the 
spinal cat. In one series pair-fed rats were examined ; the amine content of the 
glands from the deficient animals was much lower than that of the plus- 
pyridoxine controls. In a second series pyridoxine deficiency was produced on 
a diet to which 1% succinylsulphathiazole had been added (Carpenter, Harris 
& Kodicek, 1948). In this series the amine content of the glands 18 hr. after 
insulin was significantly lower in the animals in which enzymic activity had 
fallen to values too low to be measured than in those in which activity was still 
detectable. 

REFERENCES 
Blaschko, H. (1939). J. Physiol. 96, 50P. | 
Blaschko, H., Carter, C. W., O’Brien, J. R. P. & Sloane Stanley, G. H. (1948). J. Physiol. 107, 18 P. 
Carpenter, K. J., Harris, L. J. & Kodicek, E. (1948). Brit. J. Nutrit. 2, vii. 
Langemann, H. (1950). Abstr. XVIII int. physiol, Cong. p.325,. 


The effect of colchicine on L-DOPA decarboxylase and on the 
pressor amine content of rat adrenals. By Joyce Hawkins and 
J. M. Watxer. Department of Pharmacology, University of Oxford 

We have studied the .-DOPA decarboxylase activity of regenerating rat liver 

after partial hepatectomy. The activity was found to be gradually restored and 

returned to normal in about 3 weeks. During the first 2 days there was no 

increase in enzymic activity, but subsequently the restoration of the enzyme 

ran parallel to that of the liver weight. | | 

It is known that in the hepatectomized rat colchicine arrests mitosis (Brues 
& Jackson, 1937). Rats were therefore partially hepatectomized and 24 hr. 
later given 0-1 mg. colchicine per 100 g.; after a further 24 hr. the animals were 
killed and the enzymic activity of their livers was determined. The total L-DOPA 
decarboxylase activity was only about 50% of that of untreated hepatecto- 
mized controls. The same dose of colchicine produced a similar percentage 
reduction in the enzyme content of livers of unoperated rats. Colchicine, added 
to liver extracts in vitro, did not inhibit the enzyme. 

In view of the possible connexion between 1-DOPA decarboxylase and the 
synthesis of adrenaline, we have estimated the pressor amine content of 
adrenals of rats in which enzymic activity had been reduced by partial hepat- 
ectomy or colchicine. We found that hepatectomy alone had no effect on the 
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_ pressor amine content. If, however, colchicine was given to either normal or 
partially hepatectomized rats the pressor amine content was lowered ages about 


REFERENCE 
Brues, A. M, & Jackson, E. B. (1937). Amer. J. Cancer, 30, 504. 


Acetylcholine and ciliary movement. By E. J. H. Burn and 


PaMELA Korprx. Department of Pharmacology, University of Oxford 


_ Gilary movement has been studied in the oesophagus of the pithed frog and in 
_ the isolated rabbit's trachea, The rate of transfer of small particles over a given 


distance has been measured. The following observations suggest that the rate 


_ of ciliary movement is controlled by the local production of acetylcholine. — 
_ The rate is increased by the application of eserine sulphate in concentration 
_ of 10-*, and still more by 10-+, but the rate is decreased by 4 x 10-. The rate is 
_ inereased by acetylcholine 10~* and is depressed by 10-+. 


The rate is greatly decreased by atropine sulphate, 10-*, and by p-tubo- 


~ curarine 10-#, The rate is increased by adrenaline 10+, but not by noradrenaline. 


An extract can‘be prepared from the mucous membrane of the rabbit’s 


trachea which contains acetylcholine in amount equal to 0-1-0-2 yg./100 mg. 
_ An acetone-dried powder can be prepared from the mucous membrane which 
_ is capable of acetylating choline, the amount produced being from 20 to 
pg./g./hr. 


Histological examination has failed to reveal the presence of ganglion cells 


in the mucous membrane, and since the rate of ciliary movement remains 
- unchanged by the application of cocaine hydrochloride in 2% solution, it is 
‘ possible that the acetylcholine present in the mucous membrane is not formed 
in nervous tissue. 


Amine oxidase in iris and nictitating membrane. By Jupira Rosinson. 


Department of Pharmacology, Uniwersity of Oxford 


: - Burn & Hutcheon (1949) suggested that the inactivity of noradrenaline relative 
_ to adrenaline on the innervated iris and nictitating membrane might be 


explained by the presence at the nerve ending of an enzyme which destroys 
noradrenaline more easily than it destrovs adrenaline. We have shown (Burn 


 & Robinson, 1951) that amine oxidase is such an enzyme. 


We now find that amine oxidase is present in the iris of the rabbit and of the 


: cat, and algo in the nictitating membrane of the cat. 


The nictitating membrane was first examined by the method of Florence & 


e Schapira (1945) in which the conversion of phenylethylamine to aldehyde 
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gives the odour of hyacinths. Quantitative observations were made mano- 
metrically using tyramine as a substrate in the presence of cyanide. Rabbit 
iris was examined in seven experiments, the extra oxygen uptake in yl./g./hr. 
ranging from 173 to 312. Cat iris was examined in nine experiments, the figures 
ranging from 118 to 308. As it was difficult to dissect nictitating membrane 
free-from all non-muscular tissue, results were expressed per pair of membranes 
rather than per g. In nineteen observations the figures ranged from 70 to 246. 
On rabbit iris it was found that isoamylamine was a substrate on which 
the activity was about half that on tyramine. Pentamidine inhibited the 
enzyme in rabbit iris. i | 
| REFERENCES 
Burn, J. H. & Hutcheon, D. E. (1949). Brit, J. Pharmacol. 4, 373. 
Burn, J. H. & Robinson, J. A. (1951). Brit. J. Pharmacol. 6, 101. 
Florence, G. & Schapira, G. (1945). C.R. Soc. Biol., Paris, 189, 35. 


The percentage of antidiuretic hormone excreted in the urine 
after intravenous injection. By G. P. Burn and R. Sinex Grewa 


Electromyographic patterns of activity in muscles of the lower 
leg in man. By W. F. Fioyp and P. H. 8. Stiver. Departments of 
Physiology and Anatomy, The Middlesex Hospital Medical School, London, 


Surface, single-needle, and concentric-needle electrodes, were used for recording 
simultaneous electromyograms of muscles of the lower leg, particularly soleus 
and gastrocnemius. The patterns of activity were studied in relation to the 
angles of flexion at the knee and the ankle. : 


The effect of voluntary overbreathing on the blood flow through the 
: human forearm. By R. 8. J. Crarxe. Department of Physiology, 
The Queen’s University of Belfast : 
The blood flow through the forearm has been measured in nine healthy young 
men by venous occlusion plethysmography. The plethysmograph was at 
31-34° C., the room at 22-24° C. and observations were made every 20 sec. 
The nine subjects breathed room air to maximum depth at 20 breaths/min. 
for 3 min., and the results were averaged. The blood flow increased from a 
resting value of 3-1 ml./100 ml./min. to a peak of 8-5, the average over the 
3 min. being 5:4. The flow fell to a minimum of 1-9 during the third minute 


after overbreathing. A similar response has been briefly described by Abramson 
& Ferris (1940), | 
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' When air containing 6-1-6-9% of CO, was breathed during the period of 


_ overventilation, the blood flow was almost unaltered by overbreathing, and the 
_ subsequent fall was less conspicuous, With 7-9-8-9°% of CO, the blood flow was 
_ again almost unaltered during the overbreathing but rose sharply afterwards. 
_ Breathing oxygen without voluntary alteration of the rate and depth of 


breathing almost certainly produces a larger change of oxygen tension than 


- does overventilation, but had no discernible effect on the forearm blood flow. 


The response therefore appears to depend on alteration of CO, tension or 
content somewhere within the body and not on the increased respiratory 


- movements or change in oxygen tension. 


Evidence was obtained which showed that the increase in blood flow while 
overbreathing air was brought about by alteration in the calibre of the blood 
vessels in the muscles of the forearm. 

Blocking the brachial plexus increased the resting forearm blood flow on that 


side, but the flow was not further increased during overventilation, although 


this caused the flow in the unblocked forearm to rise to about the same level. 
During general body heating in normal subjects overventilation did not further 
increase the forearm blood flow. These experiments suggest that the vasodilata- 


_ tion is due to diminution of vasoconstrictor nervous activity. 


REFERENCE 
Abramson, D. I. & Ferris, E. B., Jr. (1940). Amer. Heart J. 19, 541. 


High-pass filter for recording axon potentials. By E. D. Apriay. 
Physiological Laboratory, University of Cambridge 


__ In investigations of the electrical activity of the central nervous system the brief 
_ axon spikes are often obscured by the slower potential oscillations due to the 
_ grey matter. To suppress the latter, Mr R. H. Cook has made a simple high-pass 


4, 


Fig. 1. Records from the olfactory bulb showing the effect of stimulation by paraffin oil. The signa 


below records the aspiration of 5 c.c. of air through the nose. Time marker (thin black line) 
gives 0-1 sec. Upper record without filter, lower with it. 
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filter which rejects frequencies below 400 cyc./sec. It consists of a 0-01 yF. 


condenser in series with the input followed by a 40H. choke (125Q dic, 
resistance) connecting output to earth. The filter is placed after the second stage 
of a condenser-coupled amplifier of conventional design. Its effect is illustrated 
in Fig. 1, which gives two records from the rabbit’s olfactory bulb at a depth of 
anaesthesia not great enough to abolish the slower potentials. Olfactory 


stimulation (paraffin oil) is recorded by the signal line below; the upper record — 


was made without the filter and the lower with it and a few seconds later. 
The axon spike discharge can be seen in both records, but it can be followed 
much more easily when the filter is employed. During the past year it has been 
of great value in experiments on olfactory discrimination. 


Differential sensitivity of olfactory receptors. By E. D. Aprian. 
Physiological Laboratory, University of Cambridge 

By the use of stimuli near threshold strength it has been found that the receptors 
leading to neighbouring conducting units in the rabbit’s olfactory bulb may 
vary in their relative sensitivity to different smells. It is usually possible to 
place an electrode in the bulb so that it records one series of axon spikes of 
uniform size and large potential (0-1—0-2 mV.), as well as smaller spikes varying 
in size and presumably due to several units. Both the large and the smaller 
spike discharge can be evoked by all the smells available if their concentration 
is great enough, but it is the common finding that with certain classes of smell 
the threshold for the large spike discharge is lower than that for the smaller 
spikes, whereas for other classes it is higher. Thus one large spike discharge has 
shown a lower threshold to amyl acetate and a higher to clove oil than the 
smaller spike discharge; in another preparation the large spike unit has been 
the more sensitive to paraffin oil and the less to amyl acetate. 7 

The classes of smell which have shown this differential effect have agreed in 
general with those showing a different latency and a different threshold distri- 
bution over the olfactory organ, the division being most marked with the 
volatile esters (short latency) and the heavier oils (long latency). It seems 
probable that the receptor sensitivity to different substances can vary to give 
at least two extreme types. These are not distributed uniformly over the 
olfactory epithelium, but there are some regions where they are intermingled. 
The different accessibility of different parts of the olfactory organ produces a 
further differentiation of the pattern of excitation with different smells, but 
it is not the only factor in olfactory discrimination. 
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The antidiuretic action of vasopressin in newborn and infant 


rats. By H. Heiter. Department of Pharmacology, University of Bristol 


_ Newborn rats when deprived of fluid seem to be unable to concentrate their 
~ urine to the same degree as adults (Heller, 1949). It seems therefore of interest 
_ to investigate whether or to what degree renal function in such animals is 
influenced by posterior pituitary extracts. Adult rats to which a standard 


dose of water has been administered showed, after the injection of 10 mU. 
vasopressin per 100 g., an inhibition of diuresis lasting approximately 145 min. 


and a mean inulin U/P ratio of 160 + 21-0 (s.x. of thirteen observations); U/P of 
controls = 23 + 2-9 (13). Newborn rats treated in the same way showed neither a 
_ decrease in urine volume nor a rise of inulin U/P values (mean ratio= 18 + 2-6 
(12), controls =27 + 6-3 (12)). Inhibitory effects of vasopressin comparable 


with those obtained in adult animals were obtained in infant rats only after 
the third week of life, i.e. at a stage when the diuretic response to water was 
also fully developed. 

Why has vasopressin no antidiuretic effect on the newborn animals? There 
are obviously several possibilities: it may be too slowly absorbed, it may be 
more quickly inact. vated, the kidneys may not be responsive or a combination 
of these factors may obtain. Liver has been shown to inactivate vasopressin 
more effectively than other organs (Heller & Urban, 1935; Eversole, Birnie & 
Gaunt, 1949). Inactivation experiments showed that per g. fat-free dry tissue, 
liver from newborn rats inactivates vasopressin at a lower rate than that from 


adults. Liver from rats aged 7-8 days was at least as active as the adult tissue. 


Next, urine was collected for 2 hr. from newborn and infant rats which had 
been injected with 10mU. vasopressin/100 g. When administered intra- 
venously to mice such urine samples showed marked antidiuretic activity, 
urines from litter-mate controls being inactive. It can therefore be concluded 
that on injection the antidiuretic principle of posterior pituitary extracts or a 
derivative reaches the kidney of newborn rats and is excreted in the urine, but 
that it does not act on the renal tubules as in older animals and in adults. 


REFERENCES 
Eversole, J. E., Birnie, J. H. & Gaunt, R. (1949). Endocrinology, 45, 378. 
- Heller, H. (1949). J. Physiol. 108, 303. 
Heller, H. & Urban, F. F. (1935). J. Physiol, 85, 502. 


Antidiuretic activities in plasma and serum. By M. Giyssurc! and 
H. Hetizr. Department of Pharmacology, University of Bristol 
There are quantitative and qualitative differences between the antidiuretic 
activities of serum and plasma of blood drawn from different sites in the rat. 
Serum from carotid arterial blood or from blood drawn by decapitation has an 
antidiuretic activity which does not diminish on standing for 20 hr. Freshly 
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prepared serum from blood. drawn by heart puncture or from external jugular 
vein blood is more active than either carotid serum or ‘decapitation’ serum, 
but part of this activity disappears rapidly. Serum from the inferior vena cava 
has no antidiuretic activity. Heparinized plasma from carotid artery blood 
has no antidiuretic activity, but plasma from the external jugular vein is 
antidiuretic. Similarly, in mice, jugular plasma is antidiuretic and carotid 
plasma is less so; in sheep, jugular plasma is antidiuretic, while the plasma of 
blood taken from the saphenous vein is inactive. The activity of mouse plasma 
was tested by the inhibition of diuresis after intravenous injection into mice. 


Other preparations were tested in the same way, after subcutaneous injection - 


into rats. 

It would seem that two antidiuretic substances are involved. One of them 
appears after blood coagulation and is stable in serum, and the other is found 
in the venous outflow from the head and, like vasopressin, is unstable in serum. 
The latter substance may be posterior pituitary antidiuretic hormone. 


The effect of local infiltration of anaesthetics on the response to 

cold of the circulation through the finger tip. By A. D. M. Grezn- 

‘FIELD, J. T. and R. F. Department of Physiology, 
The Queen’s University of Belfast | 


We have recently found (Greenfield, Shepherd & Whelan, 1951a, 5) a small 
vasodilator response to cold in chronically denervated human fingers, and a 
larger response after preliminary heating of such fingers. Kramer & Schulze 
(1948), however, state that local infiltration of novocaine into normal fingers 
temporarily abolishes cold vasodilatation, and quote this finding in support 
of Lewis’s (1930) theory that the vasodilatation depends on a local axon 
reflex, 

We have reinvestigated the effects of infiltration of novocaine and other local 
anaesthetics on the cold response. If the finger was immersed in water at 
15° C. for 20 min. before exposure to cold, the cold vasodilatation was pre- 
vented or reduced. On the other hand, if the finger was immersed in water 
at 42° C. for 20 min. beforehand, there was usually no initial period of vaso- 
constriction, and the vasodilatation was greater than in a control non- 
anaesthetized finger. 

These experiments support our previous conclusion that it is unnecessary 
to postulate a local axon reflex as the basic mechanism of cold vasodilatation. 


Greenfield, A. D, M., Shepherd, J. T. & Whelan, R. F. (19514). J. Physiol. 145, 10P. 
Greenfield, A. D. M., Shepherd, J, T, & Whelan, R. F. (19515). Clin. Sei. 10, 347. 
Kramer, K. & Schulze, W. (1948). Pflig. Arch. ges. Physiol. 260,141. 

Lewis, T. (1930). Heart, 18, 177. | 3 
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: some nerve fibres certain quaternary ammonium ions may be substituted for 
Na without abolishing impulse conduction. 
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Blood pressure changes in the foetal lamb after aeration of the 


lungs. By G. M. Axpran, P. M. G. 8. Dawes, M. M. L. 
PricuarD, 8. R. M. Reynoups and D. G. Wvarr 


Conduction of blbtitaas in crustacean muscle fibres. By P. eae 


and B. Katz. Physiology Department and Biophysics Research o nit, 
University College, London 


_ When an isolated crustacean muscle is stimulated electrically, many fibres give 
_ only local responses while others conduct impulses at speeds of about 0-2-0-4 m./ 


sec. (20° C., fibre diameters 80-600y.., extensor muscles of the carpopodite of 


is maenas and Portunus depurator, stimulating and recording with intra- 
cellular microelectrodes, saline according to Pantin (1934). The propagation 


velocity is about z$5 of that observed in crustacean or squid nerve axons of 


F corresponding sizes; the difference is to a large extent explained by the very 
much larger membrane capacity in crab muscle (40 »F./cm.? as compared with 


1 »F./om.* in crab and squid nerve). 
In many excitable tissues, the initiation of an aclion potential depends upon 


the presence of Na (or Li) ions (Hodgkin, 1951), and the action potential is 


abolished when other cations are substituted, or when NaCl is replaced by 


_ sugar. In crustacean muscle the action potential (local or propagated) is 
abolished by the substitution of sugar for NaCl, but it is maintained and even 


increases in amplitude when sodium is totally replaced by choline ions. In 
“choline-Ringer’ one observes that (1) the resting potential is unchanged (60- 


 80mV.), (2) fibres which in ‘Na-Ringer’ failed to conduct give propagated — 
- impulses and powerful twitches of ‘the all-or-none type, (3) the rate of rise of 
the spike is the same or somewhat greater than in ‘Na-Ringer’, (4) the spike 
continues to rise to a higher amplitude (up to 90 mV. compared with 60-70 mV. — 
in Na-Ringer), (5) the fall of the spike is greatly delayed, the shape of the action 


potential changing from the usual triangular type to the ‘square-pulse’ type 
observed, e.g., in heart muscle. The spike duration, measured between points 
of maximum slope, is approximately 4 msec. in Na and 30 msec. in choline. 


_ Even more striking effects (spikes of 110 mV. amplitude and up to 0-25 sec. 
_ duration) were seen when Na ions were replaced by tetraethylammonium. 


These observations are related to Lorente de N6’s (1949) finding that in 
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Cholinesterase and neuromuscular block. By W. K. Benny sll 


C. Lovatr Evans. Experimental Station, Ministry of Supply, Porton, 


Wilts 


The neuromuscfilar block produced by anticholinesterases in the phrenic- 
diaphragm preparation of the rat (Lovatt Evans, 1951) is with some agents 
(e.g. eserine) reversible by washing with fresh saline solution. With other 
agents (e.g. TEPP) much more prolonged washing is needed to restore the 
ability of the junctions to pass on rapidly repeated stimuli, and recovery may 
even then be incomplete, for instance, 40 stimuli/sec. may pass, but not. 80. 
With other agents (e.g. DFP) there is either no recovery or only partial 
recovery (as judged by passage of 80 stimuli/sec.), if exposure to om: _ 
is prolonged, or the concentration more than minimal. 

Biochemical study in vitro has confirmed that the action of DFP is + ail 
sible, and that of TEPP is either irreversible, or only reversible with 
difficulty (Hobbiger, 1951). 

We have carried out estimations of sinatuaniiadi’ in diaphragm preparations 
in which block had been caused by various anticholinesterases, and in which, 
after washing, assessment of the extent of recovery had been made. The results 
are expressed in terms of yl. CO,/30 min./100 mg. tissue, the value for fresh 
diaphragm or for preparations stimulated for several hours at 5 stimuli/sec. 
being of the order of 45-50. From these values a figure of about 5 could be 
subtracted as representing gas evolved from other reactions, so that we may take 
a cholinesterase value of up to 7 as indicating little or no cholinesterase i in the 


tissue. 
The results are shown in the table. | Range of 
Effect on Effect of values in 
Agent added neuromuscular junction washing tissue 
None (control) 45-50 
ine, 1 Wi inhibition* 47 
TEPP 10-* No block No change 1-3 
TEPP 4x 10-’ Wedensky inhibition* Partial or full recovery 1-3 
x Slight bi No change 12-16 
x t bloc reco 9-16 
x1 edensky inhibition* Partial reco 6-14 
DFP 10-* Wedensky inhibition* No notated 
Renova mea no ven at 40/sec., or less. 
| Sieh edensky inhibition at 80 or more per sec. 


It will be seen that although after eserine there is full recovery of activity, 


as of function, after TEPP and DFP there is no such recovery of enzyme 


activity to correspond with the recovery of the ability to pass 80 stimuli, or 


even more, per second. The inference is that either the cholinesterase content 
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is not related to junctional transmission, or that so small an amount as falls 


__ by Granit, the negative wave in the dog is associated with rod activity. 


within the limits of experimental error will suffice. 
We are grateful to Mr F, A, B. Aldous for technical assistance. 
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The in the normal dog. By H. B. Parry, 


Karmarine Tanstey and L. C. Taomson. The Canine Research Station 
of the Animal Health Trust, Newmarket, and the Institute of Ophthalmology, 
The electroretinogram (£.8.G.) is a record of the potential difference developed 
between the inner and outer surfaces of the retina as a result of stimulation by 


~ light. Granit (1935) has distinguished two types of £.R.G., one characteristic of 


mammals, in which the potential is mainly positive, and another, found in 
predominantly cone retinae, in which both positive and negative potentials 


develop on stimulation. 


E.R.G.’8 were taken from intact dogs under myanesin and nembutal, one 


- electrode being on the cornea and the other on a shaved area of the forehead, 


A time constant of 30 sec. was used so that slow components in the response 
were recorded. The stimulus was a 1 sec. light flash. The records from normal 
dogs are unlike any hitherto obtained from mammals. After the usual positive 
b-wave there is a large negative wave. This slow negative potential resembles 
that found by.Karpe (1945) in man. He has shown the human negative wave 
to be due to pupil contraction, but in dogs it is not affected by atropinization 
of the eye. Further evidence that the negative wave originates in the retina 


was obtained by cutting the optic nerve within the cranium. The £.8.G. was — 


completely unaltered by this operation, showing that the negative wave, 
unlike the constriction of the pupil, is not the result of a reflex reaction involving 
the optic nerve. 

This negative potential is obtained from the dog retina, the reactions of which 
are dominated by rods; it is easily abolished by light adaptation; it and the 


_ b-wave both disappear in a hereditary retinal lesion, at an important stage in 


which the rods but not the cones are destroyed; and it is more readily evoked 
by light stimuli from the short- than from the long-wave end of the spectrum. 
All these findings suggest that, unlike the negative £.8.G. potentials described 
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An objective test for hereditary night blindness in Irish setters. 
By H. B. Parry, Karaarrne and L. C. Taomson. The Canine 
Research Station of the Animal Health Trust, Newmarket, and the Institute 
of Ophthalmology, London : 

The red Irish Setter breed is affected with an hereditary retinal degeneration 

known as night blindness or progressive retinal atrophy (Hodgman, Parry, 

Rasbridge & Steel, 1949). The syndrome, which is inherited as if controlled 

principally by a single Mendelian autosomal recessive factor, shows two stages. 

During the first stage day vision and the pupillary light reactions are normal, 

but there is a progressive loss of night vision over a period 2-6 months until the 

animal is completely night blind. At the same time there is a progressive 
degeneration of the retina commencing in the outer segments of the rods and 
with an increasing loss of rod cell nuclei which undergo pycnotic change. The 
cones and their nuclei and the other retinal cells are not obviously affected. 

_ During the second stage, day vision is gradually lost together with the pupillary 

light reactions, until at any age from 6 months to 6 years the dog becomes 

totally blind. Histologically these changes coincide with loss of the cones and 
their nuclei and the disintegration of the other layers of the retina. 

The eradication of the disease from the breed depends largely on dabeéndining 
the heterozygotes with normal vision by test-mating suspected animals with 
known affected ones, and determining whether any of the offspring are affected. 

Hitherto the early recognition of the syndrome has depended on tests for 
night vision, ophthalmoscopic examination of the fundus and, where possible, 
histological examination of the retina, and a definite diagnosis is difficult before 
an animal is 2-3 months old. Using the method already described (Parry, 
Tansley & Thomson, 1951), we have found that the loss of the electroretino- 
gram (E.R.G.) is a very sensitive indicator of the presence of the disease, which 
can be used before it is possible to employ clinical tests. 

Irish Setters with normal vision and with the hereditary night blindness have 
been bred and reared together under controlled conditions, taking care to 
maintain a good nutritional status and an adequate vitamin A intake, and to 
keep them as far as possible free from virus infections. These precautions are 
necessary because vitamin A deficiency may lead to a loss of the £.R.G. in 
-man (G. Karpe, private communication), and we have evidence that at least 
three other types of retinal degeneration can occur in Irish Setters as a He 
to infections with the distemper group of viruses (Parry, unpublished), and 
that disturbances of the #.2.¢. also occur in these. , 

We have failed to record an £.8.G. in any affected animal more than 1 month 
old, and we therefore consider that if we cannot record an £.8.G. from a Setter 


Papey at 30 days of age it is almost — affected with the hereditary sii 
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- artery causes an immediate fall of intrasinusal pressure; the intrasinusal 
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+ It is of interest that the u.2.G. disappears before there is serious loss of night 
© vision and while day vision is still unaffected. 
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Spectral sensitivity in the peripheral retina. By R. A, WEALz. Group 
for Research m the Physiology of Vision, Medical Research Council, Institute 
of Ophthalmology, Judd Street, W.C. 1 


The spectral sensitivity has been measured at the cornea for locations of 25°, 
45° and 70° in the nasal retinal area of the observer's left eye. A test-field | 
subtending an angle of 50’ was used, and a white screen made it possible to 
light-adapt a retinal area of about 90° surrounding the test area. Data have 
been obtained for test-fields of 1-5 and 100 e.f.c.; at both levels it is found that 
there are three spectral regions in which the sensitivity is enhanced; they are 
situated in the orange, green and blue parts of the spectrum respectively. The 


- blue hump is more pronounced at the higher luminance level. There are only 


minor differences between the sensitivities of the three retinal locations. They 
also agree qualitatively with the data obtained for the fovea, 10° and 15° 
(Weale, 1951), with the exception of the short-wave part of the spectrum. _ 
If the three humps revealed in the foveal sensitivity curve, as measured with 
a small test-field (Thomson, 1951; Weale, 1951), are due to mechanisms 
mediating colour vision, and are found also in data referring to 10°, 15°, 25°, 
45° and 70°, it is possible that they are present all over the retina, that they are 


in action in extra-foveal regions under conditions of light-adaptation, and that 


a pigment gives rise to modifications in the blue part of the spectrum as the 
eccentricity from the fixation area is increased. The fact that these modifications 
differ with luminance precludes the macular pigment from fully accounting for 
the relatively low blue-sensitivity of the foveal region (cf. Wald, 1949). 
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- The effect of carotid occlusion upon the intrasinusal pressure. By 


D. Caunacnarorn, M. pe Buren Daty and A. Souwerrzer. Department 
of Physiology, University College, London 
The intrasinusal pressure was recorded from the lingual artery in cats and dogs: 
under chloralose anaesthesia. Occlusion of the ipsilateral common carotid 
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pressure may then return to within 10 mm. Hg of its initial level. Similar effects 
have been observed after bilateral denervation of the carotid sinuses, and the 
return of the intrasinusal pressure is not, therefore, a result of a reflex rise of 
systemic blood pressure, The fall of intrasinusal pressure is greater if the con- 
tralateral common carotid artery is simultaneously occluded, but there is still 
an appreciable recovery of pressure (cf. Schmidt, 1932; Euler & Liljestrand, 
1936). These results suggest that blood reaches the carotid sinus from other 
sources. Similar results have been obtained from experiments in which the 
intrasinusal pressure was recorded from the cephalic end of the common 
carotid after occlusion of the contralateral common carotid artery. 

Experiments were therefore designed to determine the contribution of the 
contralateral common carotid and of the vertebral arteries to the intrasinusal 
pressure after the common carotid had been occluded. Our results show that, 
in cats, the main contribution is by way of the ipsilateral internal maxillary 
artery from the Circle of Willis. The back-pressure effects from the contra- 
lateral common carotid artery (via the internal maxillary artery) are greater 
than from the vertebrals. This is in accordance with the fact that, in the cat, 
the carotid blood supply to the brain is mainly by way of the internal ety 
arteries (Davis & Story, 1943). 

In dogs, also, the internal maxillary arteries contribute, although the supply 
from the internal carotid and vertebral arteries has been found to be greater 
than in cats. The spinal arteries may influence the intrasinusal pressure in dogs, 
although little or not at all in cats. 

The considerable back-pressure effect in dogs from the internal maxillary 
artery can be explained by the fact that there is a large anastomotic communi- 
cation between the ophthalmic artery and the internal carotid as well as other 
small anastomoses (Bouckaert & Heymans, 1935; Jewell, 1951). We have 
demonstrated these communicating vessels by means of Neoprene and Hycar 
Latex injections. 

It is concluded that the carotid circulation in the dog closely sesieahlde that 
of the cat, except for the larger contribution to the Circle of Willis by the 
internal carotid and spinal arteries. : 
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4 The histochemical localization of cholinesterase in the pad of the 
cat. By K. Heiman. M.R.C. Climatic and Working Efficiency Unit, 
_ Department of Human Anatomy, University of Ozford 


Dale & Feldberg (1934) were able to demonstrate by perfusion of the sweat 
glands of the hairless pads of the cat’s foot that the innervation of these glands, 
although derived from post-ganglionic sympathetic fibres, is nevertheless 
cholinergic. By application of the histochemical method of Koelle (1950) the 
_ cholinesterase distribution in the skin of the cat’s pad could be determined. The 
enzyme was found to be intimately associated with the sweat glands, but the 
exact sites of enzymatic activity in the neuro-secretory mechanism involved 
in sweat secretion have yet to be determined. However, there appears to be a 
considerable concentration of the enzyme in the myoepithelial cells. 

Finally, differential inhibition with 10-* m-DFP appears to show that the 
cholinesterase present is entirely of the ‘pseudo’ type. It is suggested therefore 
that the enzyme may play a part in the secretory mechanism. 
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Anomalous result of excision of excitable motor cortex in man. 


J. A. V. Bares and Wviie McKissocx. Neurological Research Unit, 
# Medical Research Council, National Hospital, Queen Sq., London, W.C. 1 


If the pre-central region of the cerebral cortex is stimulated electrically in the 
intact or anaesthetized higher mammal, a contraction of the skeletal muscula- 
ture can be produced under suitable conditions. If this excitable region is 
excised or disturbed by disease, the normal animal shows at least a temporary 
_ motor disturbance. As a consequence of these two sets of observations, the 
- conclusion has been widely drawn that this region of the cortex forms an 
essential component in the production of a volitional movement. Within the 
: ¢ past year, observations have been published independently by Krynauw (1950) 
~ and Welch & Penfield (1950) which emphasize that this conclusion, though 
_ perhaps a sufficient, is not a necessary conclusion. We have amply confirmed 
these observations, and their importance perhaps deserves emphasis. 
- The observations are that in patients who have suffered unilateral cerebral 
+ injury or disease at birth or in infancy (infantile hemiplegia) volitional move- 
'- ments of the contralateral musculature, though grossly impaired, especially 
_ in the fingers, are present to some extent, and when in later life the damaged 
hemisphere is exposed at operation, movements may be elicited by stimulation 
of the cortex, although the normal motor map may be distorted, and the 
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threshold somewhat raised. If now a surgical excision is performed, either 
confined chiefly to the electrically excitable area (Welch & Penfield), or far 
more widespread to include the whole hemisphere and basal ganglia as in some 
of our cases, it is found that there may be no detectable further impairment of 
volitional movement in the immediate post-operative period. In other words, 
on recovering from the anaesthetic, the patient may be able to make volitionally 
the movements that we have produced by cortical stimulation at the operation 
immediately before excising the hemisphere. The conclusion would appear to 
be that the conducting nervous pathway from the cortex to the region of the 
anterior horn cells which has been revealed by electrical stimulation is not an 
essential component in the performance of a volitional movement. 


REFERENCES 
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The effects of graded doses of alloxan on the blood sugar of the 
mouse. By L. E. Mount. Department of Physiology, University of Edunburgh 


Alloxan monohydrate, dissolved in saline, was injected intravenously in mice 


(2-3 months old) in quantities varying from 10 to 100 mg./kg. body weight. 
All animals received a total injection volume of 10 ml./kg.; controls received 
saline only. The effects to be described resulted in all cases from single treat- 
ments. The blood-sugar level was estimated on samples from the tail by the 
method described by Haslewood & Strookman (1939), modified by King (1947). 
In all cases the animals were fasted for 3 hr. before blood sampling began. 

48 hr. after alloxan administration blood-sugar levels in excess of 200 mg./ 
100 ml. were found in animals which had received doses of 60-100 mg. 
alloxan/kg.; mice treated with 100 mg./kg. showed a mean blood sugar of 
454 mg./100 ml. Only rarely did these levels fall below 200 mg./100 ml. over 
@ post-injection period of 6 weeks. The most marked change in blood-sugar 
concentration occurred in the dose range of 40-60 mg. alloxan/kg., with a 
corresponding range of mean glucose concentrations of 111 to 371 mg./100 ml. 
The mean control blood-sugar level was 94 mg./100 ml. 

With doses of 30 mg./kg. and less the diabetogenic action of alloxan was 
absent, and 48 hr. blood-sugar levels appeared to be lower than controls. 
Further investigation showed. that 20 mg. alloxan/kg. produced a mean 48 hr. 
blood sugar of 69 mg./100 ml., a value significantly lower than the control 
level. Glucose tolerance tests carried out simultaneously suggested a higher 
tolerance for the 20 mg./kg. alloxan group than for the control group. At no 
time subsequently did mice treated with this small dose show an elevated blood 
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This hypoglycaemic tendency appears to be distinct from the earlier, more 


: transient hypoglycaemia which commonly follows within 24 hr. of an effec- 
tively diabetogenic alloxan injection. It is suggested that the effect due to the 


: small non-diabetogenic dose of alloxan has a different origin, and that it is 
| possibly associated with stimulation of insulin secretion by the pancreas. 
REFERENCES 
G. A. D. & Strookman, T. A. (1939). Biochem. J. 88, 920. 
King, E. J. (1947). Micro-analysis in Medical Biochemistry. London: Churchill. 


: Excitability of the nodes of Ranvier in a nerve trunk. By J.J. Lussier 
and W. A. H. Rusuton. Physiological Laboratory, University of Cambridge 


4 The sciatic nerve of a frog was stripped of epineurium and set in a uniform 


jelly rod; the excitability of a single motor nerve was then investigated by the 
following method. The action potentials of muscle fibres were recorded from 
fine insulated wires sealed into a hypodermic needle placed on the surface of the 
muscle. By suitable adjustment, an all-or-none response was obtained over 
| a range of strengths of stimulus S, and the strength was fixed in the middle of 


: this range. The system was left unchanged so that a record such as (A) could 


| always be obtained. The stimulus S, is applied a few msec. before S,, so that 


' when S, does not excite the single fibre the record is like (B), the first wave being 
_ due to some other fibres excited by S,. When S, excites the single fibre, S, finds 
_ it refractory and the record is like (C). The threshold of the fibre for the stimulus 
8, could thus easily be found in the presence of activity in other fibres simply 
_ by noting when the second wave dropped out. The relation between excitability 

and position of the electrodes of S, could all be explained by supposing that 

- (a) Current enters and leaves the nerve entirely through the nodes of 


| Ranvier, the internodes being relatively perfect insulators; 


(b) Excitation is produced by the critical depolarization of any node. 


oy 
ae 
i 
% 
a4 
+9 
yy 
4 
| 4 
+ 
Toy 
y 
% 
ay ; 
J 
S; 
Li 
+ > 
C 
¥] 
| 
] 4 
| 
| 3 
3 
J 
| 
| 
| 
| aa 
J 
¥ 
PS. 
ig 


54P PROCEEDINGS OF THE PHYSIOLOGICAL 


Features of the reflex discharge into body-wall nerves evoked by 
splanchnic afferent volleys. By ©. B. B. Downman. St Thomas's 
Hospital Medical School, London, S.E. 1 

In decerebrated cats, with the spinal cord cut across in the first thoracic 
segment, reflex volleys have been recorded in the central cut ends of inter- 
costal and lumbar nerves. Muscular paralysis was effected by D-tubocurarine 
given intramuscularly. Threshold stimuli to the central cut end of a splanchnic 
nerve below the diaphragm evoked activity in three or more of the lower 
intercostal nerves on both sides. Stronger stimuli evoked a widespread dis- 
charge into all the trunk nerves and also into hind-leg nerves. These splanchnic 
reflex discharges have been compared with the reflex discharges evoked by 
centripetal intercostal nerve volleys. 


The intraspinal course and fibre content of posterior roots and 
their synapses with the posterior column nuclei. By P. GizEzs, 
R. B. Lrvrnaston and J. Sotzr. Laboratory of Physiology, University of 
Ozford 
After experimental lesions in cats of posterior roots and lesions of posterior 
columns at various levels of the spinal cord, the topography of individual 
roots, as shown in the Marchi preparation, was traced up to the medulla. The 
ascending degeneration can be divided into two main portions: one portion, 
- about 25 % of the fibres of a given root, ascends to the posterior column nuclei, 
while the other probably terminates on cells of the posterior commissure of the 
spinal cord. All spinal roots caudal to the second thoracic segment send their 
fibres to the fasciculus gracilis, while the fasciculus cuneatus is made up of 
cervical roots and the first thoracic root (Glees, Livingston & Soler, 1951). 

The fasciculus gracilis, in approaching the nucleus gracilis, divides into two 
parts, a ventro-lateral part composed of thoracic root fibres, and a dorso- 
medial part comprising lumbar, sacr-| and caudal roots. _ 

Synaptic relations and the problem of overlap can be studied only by using 
silver impregnation methods (Glees, 1946; Soler, 1951) and studying both 
sagittal and transverse sections, We have concentrated mainly on a study of the 
axosomatic synapse which appears to be in the form of a brush. At least three 
different posterior column fibres synapse with one cell body. There is therefore 
overlap of fibres from the same root, but neighbouring roots have only a small 
zone of overlap. The dendrites are large and extend for a considerable distance 
and, for this reason, may have synapses not limited to one particular neuronal 


segment. 
REFERENCES 
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helieniiinie on the respiratory inhibition caused by inflation of 
the lungs. By J. G. Wippicomsg. Nuffield Institute for Medical 
Research, University of Oxford 
Inflation of the lungs inhibits respiration by means of the Hering-Breuer 
reflex, but with relatively large inflation volumes produces a transitory in- 
crease in phrenic motor discharge before inhibition becomes dominant 
(Larrabee & Knowlton, 1946). In the cat the Hering-Breuer reflex mediated 
by the classical pulmonary stretch receptors (Adrian, 1933) is blocked by 
sgn. the vagi to 10-12°C., and the preceding stimulation by cooling to 
©. (Torrance & Whitteridge, 1947). When the vagi are cooled below 5° C. 
al still persists a short-lived inhibition of the respiratory centre discharge 
(as measured by recording action potentials from phrenic nerve single-fibres) 
which is not blocked until the vagi are cooled to 0-3° C., but is abolished by 


) cutting the vagi. The threshold is considerably higher than that for the Hering- 
Breuer reflex. 


REFERENCES 
Adrian, E. D. (1933). J. Physiol. 79, 332. 
Larrabee, M. G. & Knowlton, G. C. (1946). Amer. J. Physiol. 147, 90. 
Torrance, R. W. & Whitteridge, D. (1947). J. Physiol. 107, 6 P. 


_ Some experiments:to show that histamine does not have a direct 


action on gastric secretion. By G. V. R. Born and J. R. Vane. 
Nuffield Institute for Medical Research, Unwersity of Oxford 


_ Thompson & Vane (1950, unpublished) showed that to produce a given rate of 


acid secretion in the cat histamine had to be infused at the same speed directly 
into the gastric arteries as intravenously. We have shown, by measuring the 
blood histamine concentrations, that during such an intra-arterial infusion the 
stomach receives about ten times as much histamine as during the intravenous 
infusion. But if the histamine infused intra-arterially is allowed to be in 
contact with the circulating blood for 4-2 min. before entering the stomach, less 


than one-fifth of the previously effective dose is required. This suggests that 
| under these experimental conditions the secretion of gastric juice is not due to 


blood. 


The chromatographic identification of propionylcholine in ox 


spleen. By Jzan Banister, V. P. Warrraker and 8. WIJESUNDERA. 

_ Departments of Physiology and Biochemistry, University of Oxford 
Choline esters can be chromatographically separated using n-butanol as the 
mobile phase (Whittaker & Wijesundera, 1951). Chromatograms of the bases 
of ox spleen, concentrated by reineckate precipitation (Kapfhammer & 
Bischoff, 1930), when assayed in a stepwise manner using the frog rectus, 
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revealed ‘acetylcholine’, not only in the area expected from the known Ry of 
acetylcholine, but also in two other areas of higher Ry. Only the lowest of the — 
three showed comparable activity when assayed by the guinea-pig ileum. All 
were alkali-labile and acid-stable. This suggested that the two faster components 
might be one or other of those esters of choline which are known to act pre- 
dominantly upon skeletal muscle. On the basis of its Ry, the middle component 
was provisionally identified as propionylcholine. The ‘active’. material in the 
various areas was eluted and separately submitted to further chromatography. 
A differential assay (Chang & Gaddum, 1933) of the chromatogram of the 
middle component, using the rectus and ileum, gave the results shown in 
Table 1, which have been expressed in columns 4 and 5 as wg. acetyl- and 


Tastz 1. Distribution of choline esters on ascending chromatogram (solvent, n-butanol). 
Acetylcholine equivalent of 1g. propionylcholine: 1-97 pg. (rectus); 0-06 wg. (ileum). 
-Perchlorates used as standards 


Activity (as yg. acetylcholine) 

Ry assayed by holine Propionylcholine 
assa, — A content (pg.) content (y) (ug.) 
( x0-01) Rectus (r) Tleum (¢) =r-197y =(r-i)+(1-97 -—0-06) 

—-6-7-6°7 0-23 0-19 0-19 0-02 
6-7-16-7 1-81 1-59 1-59 0-11 

16-720 1-02 0-90 0-80 0-23 

20 -23-3 1-41 0-58 0-54 

23-3-40 25-8 1-06 0-03 12-9 

40 -43-3 0-60 0-04 0-03 0-29 

433-100 0-32 0-09 0-08 0-12 


propionylcholine present in each area. It will be seen that the material of 
Ry 0-23-0-4 assayed as almost pure propionylcholine (Ry, 0-3); below it, in the 
expected position for acetylcholine (Ry, 0-11), there is a small quantity of 
acetylcholine. The identity of the ‘fast’ component has not yet been established. 


REFERENCES 
- Chang, H. C. & Gaddum, J. H. (1933). J. Physiol. 79, 255. 
Kapfhammer, J. & Bischoff, C. (1930). Hoppe-Seyl. Z. 191, 179. 
Whittaker, V. P. & Wijesundera, 8, (1951). Biochem. J. 49, xlv. 


Two types of movement of the ruminant stomach. By Dororay 
L. Duncan. Rowett Research Institute, Bucksburn, Aberdeenshire 


_ Recent communications (Brunaud, Dussardier & Labouche, 1950; Lienert, 
1950; Comline & Titchen, 1951) do not distinguish between two distinct types 
of movement occurring in the ruminant stomach. These types were originally 
described by Mangold & Klein (1927), who did not appear to appreciate any 
fundamental distinction between them. The normal movements of the reticulum 
and rumen have often been described. The contractions of the reticulum in 
normal sheep are diphasic, rapid and. systolic, and their extreme regularity 
suggests that they are responses to rhythmic central discharges. Between con- 


be 
3 
> 
Ay. 
a 
& 
a 
if 
= 
Jaa 
> 
J 
i? 
‘ 
4 
4 
< 
4 
> 


SOCIETY, 6-7 JULY 1951 57 P 


tractions the organ is quiescent and tonus waves are rarely seen. These diphasic 
contractions in the sheep are abolished by vagotomy, atropine, adrenaline and 
surgical anaesthesia induced by sodium pentobarbitone or ether. A second type 
of movement, similar to those observed by Mangold & Klein, has been observed 
in sheep 1 in which the normal diphasic contractions of the reticulum are absent; 
e.g. in chronic vagotomized sheep, whether or not this is accompanied by total 


_ splanchnectomy, in laparotomized anaesthetized sheep, and in some decerebrate 


sheep. It consists of constant, localized contractures and partial contractions, 
which produce the ‘pendelnde und wogende Kontraktionen’ of the last-named 
workers. It does not appear in the normal, atropinized sheep. Intravenous 
injection of adrenalipein the vagotomized and splanchnectomized sheep causes 
a single contraction of the reticulum, in contrast to the total inhibition caused 
in the normal sheep. 

It is suggested that the second type of movement corresponds to the rhythmic 
activity characteristic of plain muscle, and that it is distinct from the normal 
propulsive movements which depend upon intact vagi. It is important to bear 
this distinction in mind when interpreting the action of ‘Betting on isolated strips 


from the ruminant stomach. 
REFERENCES 
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Gustatory enzymes and taste. By A. F. Banani and G. H. Bourne 


The effect of the adrenals and the pituitary on the blood pressure 
and on the ability of the rat’s heart to Repereeanr By 
MarcareT 


Reflex activity of the respiratory centre. By I. Catma 


The sympathetic innervation of the carotid bifurcation. 
By W. F. Fioyp and E. 


The importance of the level of blood pressure in modifying the 
effectiveness of sympathetic vasomotor impulses. By A. C. 
Burton and F. Gravina. Department of University Western 
Ontario, Canada 

In 1850, Claude Bernard discovered the fanction of the vasomotor nerves to the 


rabbit ear, and this has been the basis of our teaching on the nervous control of 
the circulation. No quantitative studies have apparently been made on the 
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change in resistance of a vascular bed when the sympathetic nerves are 
stimulated with different frequencies, certainly none where flow-pressure curves 
have been obtained under such stimulation. 

A double cannulation of the carotid artery of the rabbit was made with 
polythene tubing, so that the blood flowed round an external loop into a slack 
rubber bag mounted in a glass tube, the outside of which was connected by 
water to a recording mercury manometer. This recorded the carotid pressure. 
When the plastic tube on the cardiac side of the loop was occluded by clamping, 
flow through the peripheral bed continued, driven by the pressure from the 
manometer. An exponential-like fall of the manometer column results, from 
_ the record of which the rate of blood flow at any pressure can be deduced by 
drawing tangents (Nichol, Girling, Jerrard, Claxton & Burton, 1951), and the 
complete flow-pressure curve constructed. All the vessels except those leading 
to the ear were tied off. In some animals a collateral circulation could not be 
eliminated, but this showed itself plainly in the records. Electrical stimulation 
was applied to the cervical ganglion or the post-ganglion fibres with similar 
results. Reproducible results without progressive destruction of the nerves 
were obtained only when low voltage (0-5 V.) pulses, of flat-topped contour and 
long duration (15 m.sec.) were used, 

The flow-pressure curve without stimulation is almost linear, intercepting 
the axis (zero flow) at a pressure of about 10 mm. With increasing frequency of 
stimuli (5, 10, 15, 20, 25 per sec.) the slope decreases, the curve becomes 
sigmoid and finally convex to the flow axis, and the pressure of zero flow 
(critical closing pressure) rises to 60 mm. Hg. Higher frequencies than 25/sec. 
_ produce less constriction, until the curve for 100/sec. is the same as without 
stimulation. The refractory period of the vascular smooth muscle is probably 
responsible. 

The changing shape of the curves, with the rise of the critical closing pressure, 
means that a given frequency of impulses produces a much more marked 
decrease in flow when the pressure is low than when it is high. The fact that we 
have found these features of flow-pressure curves in other preparations (Nichol 
et al. 1951), leads us to the generalization that the level of blood pressure may 
greatly modify the effect of vasomotor tone, as in the case of low blood-pressure 
shock, 

REFERENCE 
Nichol, J., Girling, F., Jerrard,W., Claxton, E.B, & Burton, A.C. (1951). Amer. J. Physiol.164, 330. 


Function of thermoreceptors. By Y. ZorreRMaN 
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‘Aoneraae for the study of (a) the absolute threshold of human 
: vision, (b) spatial and temporal summation in the retina. 
By E. J. Denton and M. H. Prrenne 


: 

“Class demonstration of the fundamental laws of colour-mixing in 
trichromatic and dichromatic vision. By m. J. Denton and 
M. H. PIRENNE 


f simple class demonstration of chromatic aberration in the human 
eye. By M. H. Pirenne 


= wes 


A modified Marey heart lever for class experiments upon Rana 
temporaria. By B. J. DENTON 


- Method for studying chemical excitants of cutaneous pain in 
man. By Destrfz Armstrone, R. M. L. Dry, C. A. Kreme and 
J. W. Marxuam. Department of Pharmacology, 
School, London, W. 1 


_ During the course of human studies on the production of cutaneous pain by 
various chemical agents we have found that injection techniques, such as 
inicidaial injection, or pricking through a drop of solution, sometimes give 
unreliable results. 
_ We describe here an alternative method which is very simple, sensitive and 
_ satisfactory. A small blister (area rather less than 1 cm.®) is raised on the skin 
_ of the forearm by application for 4-6 hr. of a cantharidin plaster (0-2% 
_ cantharidin). The epidermis which has separated from the dermis is removed 
and the exposed blister base is then available for testing. The solutions con- 
pe the pain-producing substances (volume about 0-2 ml.) are then applied 
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to the area at intervals of 5-10 min., and between applications the area is 
bathed in a solution of the following composition: NaCl, 0-92 g.; KCl, 0-04 g.; 
CaCl,, 0-024 g.; NaHCO,, 0-015 g.; water to 100 ml. 

The advantages of this procedure may be summarized thus: 

(1) The pain-producing solutions gain rapid access to the exposed nerve- 
endings and networks in the superficial layers of the dermis, without any prior 
pain due to insertion of a needle. 

(2) There is no spontaneous pain except during the first 10-15 min. after 
' removal of the epidermis. 

(3) Each solution acts upon the same set of nerve terminals, and with 
suitable intervals between applications the pain receptors are in a comparable 
state of sensitivity for each test. Fluctuations in sensitivity can be detected 
by application of standard solutions of KCl or acetylcholine. 

(4) The exposed area remains sensitive for up to 2 days, and during this time 
50-60 applications have often been made without complications due to fatigue, 
etc. 

(5) Bacteriological sterility of the applied solutions does not appear to be 
essential. We have seen no infections in some thirty experiments in four 
subjects. 

The recording of pain is simply done by the use of a subjective pain scale. 
A pressure bulb connected to a mercury manometer and vertical-writing lever 
allows the subject to record his pain sensations in the form of a tracing on a 
moving smoked drum. To avoid bias in the making of such records the apparatus 
is arranged so that the subject cannot see the shape of the tracing which he is 
making. The constancy of the responses is tested by the application of solutions 
whose composition and concentration are unknown to the subject. The isotonic 
washing solution does not cause pain. 

In any one person the pain response to a given chemical agent is quite 
constant in occurrence and character, and the recorded intensity of pain is 
proportional to the concentration of the pain-producing substance. In these 
circumstances a ‘threshold’ concentration can readily be determined. When 
different chemical substances are applied it is often possible to distinguish 
_ differences in the character of the pain which they evoke; for example, it is 

easy to differentiate the pain produced by acetylcholine from that produced by 
a hypotonic or acid solution. 

The following are some substances and preparations which have been found 
to produce pain: 

Acetylcholine chloride, in concentrations down to 3 x 10-5. 

KCl, in concentrations down to 0-12%. 

Histamine dihydrochloride, in two of four subjects, in a concentration of 
10-* (as base); below this, usually only itching was recorded. 

Hypotonic solutions, e.g. 0-3°% NaCl. 
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Hypertonic solutions, e.g. 39% NaCl. 

Acid solutions, but only when the ae falls to about 2:5. 

Skin extracts (rat, human). 


All these solutions, except those deliberstely made hypo- or hypertonic, 
were made up to be as near isotonic as — 


Fluid electrodes with a rubber iii: By R. C. Garry and 
Mary Wisuart. Institute of Physiology, University of Glasgow 


In order that the strength of a stimulus may be proportional to the reading 


: of a potentiometer, it is essential that the resistance of the electrode system 


should be high compared with that of the potentiometer. With the usual type 
of fluid electrode, the nerve only partially blocks the hole between the two 


chambers and consequently the surrounding fluid offers a low resistance to 


the stimulating current (Eccles, 1928; Brown & Garry, 1932; Collison, 1933). 

In the present design a rubber diaphragm, cut from thin condom rubber, is 
interposed between the two chambers. The nerve is tied in the usual fashion. 
The ligature is threaded through the eye of a fine needle which is then used to 
puncture and to draw the ligature and nerve through the rubber diaphragm. 
The diaphragm closes down on the nerve whatever its size, thus ase the 
fluid shunt to a minimum. 

Using square-wave pulses of 1 msec. duration and at a frequency of 50 cyc./ 


| ; sec. we have consistently had adequate stimulation with voltages ranging from 
 9-5to 3. At these voltages we have not seen spread to the surrounding muscles. 


The rubber diaphragm seems to cause no gross injury; effective stimulation 
persists for six or more hours. 

The in vivo electrode. The structure and dimensions are shown in Fig. 1A. 
The electrode is turned from Perspex rod and consists of two parts which fit 


| into one another. When the rubber diaphragm is in position friction holds the 


- ‘two parts firmly together. Each part has to be made in two separate portions 


to allow insertion of the circular silver ribbon made by beating out the end of 
a fine silver wire. The ribbon lies in a recess away from contact with’the nerve. 
A groove cut in one portion allows exit of the shank of the silver ribbon when 
the portions are finally sealed together with chloroform. Close to the electrode 
the silver wire is soldered to a length of stranded flexible fine copper wire. 
Polythene tubing of 1 mm. bore is drawn over the lead and inserted into the 
hole of exit for the silver shank. A watertight joint is made by sealing the 
polythene tubing in position with chloroform. Before use the silver ribbons are 
coated with silver chloride. 

The ligature attached to the nerve is held in position by a ‘Perspex’ plug. 
Filling of the chambers with Ringer fluid or serum is carried out with a hypo- 


dermic syringe and blunt bent needle just before insertion of the plug and on 
e2 
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lodgment of the electrode in the animal’s body. So that the electrode may be 
easily grasped by forceps it is useful to file flat the sides of the electrode and the 
head of the plug. The small size of the electrode allows it to be applied to nerves 
when only short lengths are accessible. 


| ‘Rubber wa 
A(1) diaphragm {| wire 
---Polythene tubing 
Silver 
6mm. ‘electrodes 
es 

AQ) 
wg 
Nerve 
¢ 


45mm. 


Fig. 1. A(i). Longitudinal section of in vivo electrode. A (ii). Transverse section of in vivo 
ee ee B. Longitudinal section of in vitro electrode; not to 


The in vitro electrode, This design is most useful for stimulation of mesenteric 
nerves to the gut 1m vitro. This electrode is in one piece and may be bored out of 
‘Perspex’ rod or moulded in acrylic resin (Fig. 1B). Once more the rubber 
diaphragm ensures that a dense current impinges on the nerve. Voltages of the 
order of 1-3 continue to give effective inhibition of gut movements over many 
hours. An electrode of similar design has been used to stimulate the phrenic 
nerve im vitro (Mogey, Trevan & Young, 1949). | 


We are indebted to Dr W. Malcolm Gibson of our Dental School for in vi 
. she moulding the in vitro electrode 
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Effect of variations in food intake on rats hypophysectomized | 


during pregnancy. By Rosa M. Campsert, I. R. Innes and 
H. W. Kosteruitz 


The electrocardiogram of the mouse. By I. R. Innes and H. W. 
KostTERLITz 


Modification of the cardio-accelerator effect of electrical stimula- 
tion of the sympathetic cardiac nerves by the systemic 


administration of local anaesthetics. By I. R. Innes and H. W. 
KosTERLITZ 


The action of adrenaline and noradrenaline on the peristaltic reflex 
of the isolated guinea-pig’s ileum. By Vivien Prriz 


Microscopic preparations of nerve endings in the human gum and 
hard palate. By F. W. Garrns 


The preparation of Biebl loops and Thiry-Vella fistulae of the ileum 


of the horse. By F. Atexanper. Rowett Research Institute, Bucksburn, 
Aberdeenshire 


_ The principal reason for the lack of knowledge about the digestive processes 
_ in the horse has been the surgical problem of making chronic preparations 
giving access to the intestine. A technique for fistulating the large colon has 
already been described (Alexander & Donald, 1949). An adaptation of the 
Biebl loop and Thiry-Vella fistula to the horse ileum has been developed. 

_ The ileum was approached through the flank, the operative site being limited 
 cranially by the 18th rib and caudally by a line parallel to the last rib and 

_ immediately in front of the coxal tuberosity. 

_ Anaesthesia was induced with sodium pentobarbital (10 mg./kg.) and main- 
_ tained by subsequent doses of 2 mg./kg. The last six intercostal nerves were 
blocked with a 1/1000 nupercaine solution. 
_ In the preparation of a Biebl loop a fold of skin was defined about 5 in. 
wide and 9 in. long running in the direction of the fibres of the internal oblique 
muscle. This skin flap was freed from the body wall except at the two ends, and 
the abdomen entered through an incision in the middle of the exposed fascial 
surface, cutting across the external oblique and dividing the fibres of the 
internal oblique and transverse abdominal muscles by blunt dissection. A loop 
_ of ileum was brought into the wound, the avascular part of its mesentery 
_ incised and the peritoneum and the muscles of the abdominal wall joined with 
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silk sutures through this incision, leaving a space at each end so that the 
lumen of the ileum was not occluded. The exteriorized ileum was enclosed 
within the bipedicled skin flap. The skin of the abdominal wall was closed 
beneath the loop so formed. 

For the preparation of a Thiry-Vella loop the abdomen was approached 
through the flank, the abdominal muscles being separated by blunt dissection 
in the direction of their fibres. A loop of ileum, about 50 cm. long and supplied 
by at least one intestinal artery, was sectioned between clamps. Two stab 
incisions one above the other were made about 3 in. from the main wound. 
The ends of the ileal loop were grasped with long clamps passed through the 
stab wounds and thus drawn through them. It was important to allow at least 
2 in. of ileum to protrude from the stab wound before securing with four nylon 
sutures. Continuity of the ileum was restored by an end-to-end anastomosis 
using linen sutures. The muscles and apormaae were re-united with silk and 
the skin wound with nylon sutures. 


I am indebted to Prof. D. M. Douglas for advice on the preparation of Biebl loops. 


REFERENCE 
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Some methods of studying gastric motility in sheep and the use | 
of duodenal fistulae and gastric pouches. By M. I. CHatmzrs, 
D. L. Duncan and A. T. PHILiipson 


The role of vitamin B,, and other animal protein factors in growth 
and egg production of birds. By K. J. Carpenter and J. Duck 


The effect of different levels of calcium in the diet of the ewe on 
the degree of resorption of the skeleton during lactation, as 
shown by radiography. By D. Brnziz, J. Duckworrts and R. Pearcy 


‘The effect of varying planes of nutrition during the two years’ 
rearing period, on the growth, health and production of dairy 
cattle usis identical twins as experimental animals. By 
J. AITKEN aud J. Cricuton 


‘Microbial ecology of the digestive tract. By F. Baker and M. Masson 


‘The microscopic study of homogenates of mouse liver in relation 
to their B-glucuronidase activity. By P. G@. WaLKER 
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Bracken poisoning. By G. H. Cusunie and M. M. Narratin 


_ Plane of nutrition in relation to early growth of sheep. By J. C. Gui 


and W. THomson 
Radiological study of the digestive tract of theJewe. By D. Benzz 


Respiration of the cornea. By M. Lancuam. Ophthalmological Research 
Umit (Medical Research Council), Institute of Ophthalmology, London, W.C. 1 


The apparatus consists of a transparent airtight box of Perspex containing th® 
anaesthetized rabbit, normal respiration being maintained through a tracheal 
tube connected to the outside atmosphere. Lactic acid was determined by the 
method of Barker & Summerson (1941). An initial control series for normal 
rabbits showed a concentration of 96-0 mg. % (wet weight) of lactic acid in the 
cornea, the ratio of the concentrations in the left and right corneae being 
1-000 + 0-019 (8). With the tank filled with nitrogen the ratio of the con- 
centrations of lactic acid in the nitrogen-exposed cornea (N) to the control 


Cont), ice. N/Cont. was 1:330+0-078 (5). In contrast, an atmosphere of 


nearly pure oxygen (QO) led to a drop in the concentration of lactic acid, the ratio 
O/Cont. in this case being 0-663 + 0-078 (5). These results suggest that the 
cornea can utilize oxygen obtained directly from the atmosphere and does so 
under normal conditions. This conclusion is supported by the observation that 
suturing of the lids together for 24 hr. led to an increase in concentration of 
lactic acid, i.e. the ratio of concentrations of lactic acid in the experimental 
and control corneae was 1-142 + 0-049 (6). | 

Injection of a bubble of oxygen into the anterior chamber, performed through 
the sclera so that the cornea remained undamaged, led to a marked decrease in 
concentration of lactic acid in the cornea (ratio O/Cont. 0-703 + 0-032 (5)). 
Injection of a bubble of nitrogen led to an increase in the concentration of lactic 
acid (ratio N/Cont. 1-256 + 0-049 (8)). These results indicate that oxygen can 
diffuse through the layers of the living cornea in both directions. Further, it 
would appear that in the normal eye oxygen diffuses from the aqueous humour 
into the cornea where it is utilized. 


REFERENCE 
Barker, J. B. & Summerson, W. H. (1941). J. biol. Chem. 138, 535. 
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The spectral sensitivity of the toad Xenopus laevis. By E. J. Denton 
and M. H. Prrenne. Physiology Department, Marischal College, University 
of Aberdeen 


- Method I. Placed on a black background, Xenopus changes its colour from 
‘white’ to ‘black’ by expanding its skin melanophores when it receives enough 
light from an opal glass screen overhead. The threshold intensity was found for 
lights from different parts of the spectrum. 


Bo x 
= -2+ / + Fig. 1. The absolut ts give the energy 
emitted by the extended screen, in ergs/cm.*/ 
| sec. + Xenopus, method I, mean results. The 
by aie absolute level is that of the most sensitive 
\ animal. @Xenopus, method II, results for 
. ] one animal, Relative scale, adjusted to the 
£ | absolute level of method I. A smooth curve 
Man isdrawn through thepoints. x Man, absolute 
8 b Siew threshold of one subject measured with the 
0-4 05 06 0:7 curve is the mean scotopic function of 
Wave-length in microns Crawford (1949). 


Method II. Xenopus usually goes into the shade. The threshold value here 
was the illumination below which an animal failed to go into the shaded part 
of a tank. 

The two methods give curves which agree closely in their shape (Fig. 1). 
There are individual variations in the absolute thresholds and in the shape of 
the curve in the blue. | 

Effect of temperature. Using Method II, one Xenopus was found to be 
4-62 + 0-09 (s.D.) log units more sensitive to light of 550 my. than to light of 
740 mp, at 9° C., and 4-07 + 0-06 log units more sensitive at 29° C. The animal 
was therefore about 3 times more sensitive to red light of 740 my. (relative to 
light of 550 mp.) at 29° C. than at 9° C. 
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The significance of beading in corneal nerve fibres. By F.C. Ropazr. 
Department of Physiology, Medical School, University of Durham 

The corneal nerves, stained vitally with methylene blue, exhibit a characteristic 

_ beaded appearance. Such beading, however, we have never seen with the 

_ biomicroscope. The ‘neurofibromata’ described by Koeppe (1919) are almost 

certainly Schwann cells. They are much too large to be beads. 

We have never seen beads in really fresh phase contrast slices. We have, 
however, found them in abundance under phase conditions 2 hr. after the slice 
was taken. In vitally stained preparations, moreover, we have observed beads 
arise onnerves originally non-beaded. This is also true of the free intra-epithelial 
endings. 

Last year we described (Rodger, 1950) the presence of non-beaded fibres in 
addition to the more common delicate beaded ones. At the time we suggested 
the morphological difference might presuppose a difference in function. 
Destruction of the Gasserian ganglion, however, by Zander & Weddell (1951) 
has led to total degeneration of the corneal nerves; and we have recently 
performed in cats extradural ophthalmic neurectomy above and below the 
cavernous sinus with the same result. Further, in intradural oculomotor 
neurectomy (contrary to the findings of Nageotte & Guyon, 1938), and in 
cervical sympathectomy, we found no demonstrable lesion in the cornea. It 
appears probable, then, that the corneal nerves are all of the same type. 
Another explanation is required. 

Contrary to the usual opinion, not all of the myelin sheathing is lost at the 
periphery. By the polarizing microscope, the sheaths of some of the nerves 
may be seen to pass to the apex. Perhaps, therefore, the coarse non-beaded 
fibres described by us are myelinated ones, and-are non-beaded because the 
myelin to some degree protects the nerve fibres. 

There seems every reason to conclude that beading is but evidence of the 
response of a nerve fibre to an environmental change, physico-chemical or 
irritant in nature. In support of this, traumatic fragmentation of the corneal 
fibres is preceded by gross beading. | 
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The minimum number of quanta necessary for vision. By 
E. J. Denton and M. H. Prrenne. Physiology Department, Marischal 
College, University of Aberdeen 


According to the quantum theory, there must be near the absolute threshold an 
intensity range in which physical fluctuations cause uncertainty of seeing. 
If there are biological variations or experimental errors, this irreducible 
uncertainty range will generally be widened. Accordingly, the frequency- 
of-seeing curves published by Hecht, Shlaer and Pirenne were obtained using 
very special precautions in the hope of eliminating experimental variations as 
completely as possible. These ‘good’ curves all have an uncertainty range of 
about 1 log unit. 

Curves with a smaller range were never obtained in these experiments, but 
‘bad’ curves, with a markedly larger range, were. These ‘bad’ curves were not 
published because it seemed obvious that they were vitiated by experimental 
variations. The first curves given by inexperienced subjects—who later gave 
steeper curves—were often ‘bad’ curves, for instance. This suggested that the 
‘good’ curves themselves, in comparison with theoretical curves assuming 
constant organism sensitivity, might be too shallow, but not too steep. 

The first theoretical calculations assumed implicitly that the small retinal 
region covered by the light stimulus contained only one independent light- 
detector. In such a case, the shape of the curve will depend only upon n, the - 
minimum number of quanta which must be absorbed by the retina to reach the 
threshold of vision. (We assume that there are no experimental variations.) 
If several independent light-detectors are involved, however, the theory must 
be modified. The resulting curve will be steeper than that of the simple theory 
and will therefore correspond to an apparent » value which is too high. 

In spite of these complications, conclusions can be drawn concerning the 
value of . For instance, the shape of the curve for various numbers N of 
independent light-detectors can be calculated assuming n=2. The curves 
become steeper when JN is larger, but it is found that, even if N is equal to the 
total number (about 500) of rods and cones involved in the experiment, the 
curve remains shallower than the ‘good’ experimental curves. The hypothesis 
m=2 therefore seems incompatible with observation. Other considerations 
suggest that » is equal to at least 4. The experiments which lead some authors 
to suggest that n=2 can be interpreted also on the basis n>4 quanta. 


Further observations on the function of the erectores spinae 


muscles during flexion of the trunk. By W. F. Fioyp and 
P. H. 8. Sttver 
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Rapid recovery of sweating in the arm after arterial occlusion. 
By W.8.8. Lapgtt. Colonial Medical Research Commiitee’s Laboratory for 
Hot Climate Physiology, Oshodi, near Lagos, Nigeria 


In thirty-three experiments on six subjects, the effect of arterial occlusion on — 
the volume and chloride content of lower-arm sweat was followed. Subjects 
exercised, three in an effective temperature (£.T.) of 27-8° C. and three in z.T. 
30° C., at a mean metabolic rate of 170 kg. cal./m.*/hr.; overall sweat rates 
were 14 g./min. and over. Impermeable bags were worn on both arms with 
uninflated pneumatic tourniquets bound just above the elbows; lower-arm 
sweat only collected below the tourniquets. After two 15 min. collecting 
periods the tourniquet on one side was rapidly inflated to 200 mm. Hg and left 
inflated for two collecting periods (30 min.). Collecting continued for two 
further periods after the pressure was released. Tests were carried out on both 
right and left arms. The most satisfactory comparison was found to be that 
between the occluded, ‘treated’, and unoccluded sides in each separate test. 

Before occlusion sweat output and chloride content were the same on both 
sides, \In the first 15 min. of occlusion the mean output from the treated arm 
was 39-2% + 1-07 (s.z.) of that of the other arm; in the next 15 min. it was 
130% + 0-98 (s.z.). Sweating increased immediately the tourniquet was 
released, and was at the same rate as in the untreated arm in the second 
15 min. after restoration of the blood supply. The sweat rate of the untreated 
arm was not affected by the occlusion of the opposite side; nor was there any 
depression after the release of the occlusion as described by Randall, Deering & 
Dougherty (1948). 

The chloride content of the sweat from the treated arm was less than that of 
the opposite arm in the two periods during occlusion, and in the first post- 
occlusion period, by 9-4, 17-6 and 9-2% respectively. The mean differences in g. 
NaCl/100 ml. were 0-02, 0-04 and 0-03 + 0-004, 0-005 and 0-004 (s.z.’s) respec- 
tively. These differences are significant by the ¢ test, with P less than 0-001. 
In the last 15 min. period the chloride content had also risen to that of the 
opposite side. 

This rapid recovery suggests that the rise in chloride content of the sweat 
during prolonged heavy sweating occurs independently of the amount of 
activity undergone by any given gland and may possibly indicate that the 
control of both sweat rate and sweat composition is more central than has 
sometimes been supposed (Johnson, Pitts & Consolazio, 1944; Robinson, 
Gerking, Turrell & Kincaid, 1950). 
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The effect of eserine on the output of acetylcholine from the cat’s 
superior cervical ganglion. By W. L. M. Perry 


Nerve endings in the human gum and hard palate. By F. W. Gatrns. 
Institute of Physiology, Unwersity of Glasgow 3 
Recently, Gairns & Aitchison (1950) described the types of nerve endings in the 
human gum. This work has now been extended to include the endings in the 
human hard palate. As before, the staining method used was the Bielschowsky- 
Gros silver technique. Nerve endings are very numerous in the gum and palate; 
typical corpuscles of Meissner and of Krause lie below the stratified squamous 
epithelium in their usual sites. Free nerve endings, as in the skin, penetrate 
the basement membrane to enter the basal layers of the epithelium. Such free 
nerve endings are more abundant in the palate than in skin or gum. So far 
Pacinian corpuscles have not been seen in palate or gum, although they may 
exist in the deepest parts of the muco-periosteum which have not so far been 

The most common ending in gum and palate, however, is quite distinct from 
any known receptor in the skin. These may be large compact or loose unen- 
capsulated ‘whorls’ of varying shape and size. Many possess one or two terminal 
filaments which penetrate the basement membrane and may extend to and 
enter the most superficial layers of the epithelium. Some of these fine filaments 
end in a tiny knob. A double innervation of the ending as a whole is not 
infrequently seen. One or more fine non-myelinated strands accompany the 
large myelinated fibre and become intimately associated with the actual 
ending. 

Both in the gum and palate there is a profuse sympathetic ground plexus 
similar to that described by Cathcart, Gairns & Garven (1948) in the skin of the 
human nipple. 
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The effect of hexamethonium on carotid body responses in the cat. 


By W. W. Dovetas. From the National Institute for Medical Research, 
Mill Hill, N.W.7 


It has been suggested that the afferent pathways from the chemosensory cells 
of the carotid body may be interrupted by synapses similar to those occurring 
in the autonomic nervous outflow (Euler, Liljestrand & Zotterman, 1939). If 
this were the case the effect of stimulation of these cells should be prevented by 
hexamethonium which exerts a powerful blocking action on autonomic ganglia. 
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It has been found, however, that the carotid body response to oxygen lack or to 
cyanide—both stimuli considered to act on the chemosensory glomus cells— 
was unaffected, or only slightly depressed, by hexamethonium in amounts 
causing autonomic blockade. 

One fact which suggested synaptic transmission of carotid body responses 
was that typical chemosensory reflexes can be elicited from the carotid body by 
substances with known ganglion stimulating action, such as acetylcholine, 
nicotine and lobeline. The carotid body-stimulating action of each of these 
substances is suppressed or abolished by hexamethonium, but the abolition of _ 
this ganglion-like sensitivity does not interfere with the response to anoxia or 
cyanide. The site of action of acetylcholine, nicotine and lobeline remains 
obscure, but it is apparently not involved in transmission of glomus cell 
responses. 

REFERENCE 
Euler, U. 8. v., Liljestrand, G. & Zotterman, Y. (1939). Skand. Arch. Physiol. 88, 132. 


The mode of action of tetraethylpyrophosphate at the cat’s 
neuromuscular junction. By W. W. Dovaetas and W. D. M. Parton. 
National Institute for Medical Research, Mill Hill, N.W. 7 


Tetraethylpyrophosphate (TEPP) is known to cause neuromuscular block 
which is generally attributed to its cholinesterase-inhibiting properties but 
which has also been ascribed to a direct action by the drug at the neuromuscular 
junction. 

Using the technique described by Burns & Paton (1951), we found that 
intravenous injections of TEPP (500 yg./kg.) were often followed by fluctuating 
depolarizations of the end-plate regions of the cat’s gracilis. When depolariza- 
tion did not occur spontaneously, it rapidly followed stimulation of the tied 
motor nerve to gracilis. In general, the degree of depolarization depended on 
the activity of the motor nerve, excited either by injury or electrically. With 
bigger doses of TEPP depolarization always occurred, and was large and 
persistent. The depolarizations observed were fully adequate to account for the 
neuromuscular block produced by TEPP. They were similar in magnitude to 
those produced by blocking doses of acetylcholine or decamethonium, but 
differed in the time of onset and the course of the depolarization. In addition, 
TEPP differs from these directly acting substances by its failure to elicit a 
twitch of the tibialis when injected close arterially, even in a dose which was 
followed by a complete and prolonged neuromuscular block. These results 


- indicate that the depolarizing action of TEPP is indirect. 


The only fact suggesting a direct action is that TEPP, in yet larger doses 
(10 mg./kg.) given intravenously, can still evoke a slowly developing depolariza- 
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tion of a muscle denervated 4-6 days previously to exclude liberation of 
acetylcholine at the nerve endings of the muscle. But this depolarization is, in 
fact, due to the accumulation of acetylcholine from other sites, particularly 
from the bowel. Blood from animals receiving these large doses of TEPP was 
found to contain as much as 40 myg. acetylcholine/ml. — | 
Neuromuscular block caused by TEPP is due, therefore; to acetylcholine 
produced either locally at motor nerve endings or at sites remote from the 
muscle. No direct action by TEPP was detected or need be postulated to 
account for-its neuromuscular effects. These experiments emphasize, in addition, 
the care that must be taken in interpreting the local effects of anticholin- 


esterases when these drugs are given systemically. 


REFERENCE 
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The influence of insulin hypoglycaemia on pepsin secretion 
in Heidenhain pouches in dogs. By Pameta A. BursTaLt and 
B. Scnorretp. Department of Physiology, The Medical School, King’s 
College, Newcastle upon Tyne | 
Heidenhain pouches in fasting dogs are washed out every 15 min, with warm 
n/200-HCl. The pepsin in the washings is estimated by a modification of the 
method of Hunt (1948). 

Heidenhain pouches in fasting dogs show a high resting secretion of pepsin. 
Following the administration of 1-5-2 units of insulin/kg. intravenously, there 
is a variable slight increase in pepsin output. This increase is seen only in the 
insulin-positive pouches, i.e. those which produce acid secretion in response to 
insulin hypoglycaemia. It is complete within 4-1 hr. and is followed in all cases 
by a marked depression of pepsin output. Minimum levels are attained between 
1} and 3} hr. after insulin, and for a group of fifteen experiments on four dogs 
the mean output over this period was reduced to one-fifth of the previous 
resting level (— 80-8 + 2-2% ). The lowest pepsin levels occur about 30 min. later 
than the maximum degrees of hypoglycaemia, and there is a tendency for 
the pepsin output to recover as the blood-sugar level rises. — 

A series of experiments on three Heidenhain pouch dogs has been carried out 
to determine whether or not insulin would produce a similar inhibition of the 
pepsin secretion in response to a stimulant drug. Two doses of 0-25 mg. 
‘Mechothane’ (urethane of B-methylcholine hydrochloride) are given intra- 
venously at intervals of 24-3} hr. The total pepsin produced by each dose is 
estimated and the difference between the two expressed as a percentage of the 
first. Eight control experiments showed a mean difference of +0:14+8:2%. 
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In six experiments in which 1-5-2 units insulin/kg. was given intravenously 
between the two doses of ‘Mechothane’, the mean difference was — 63-2 + 2-4%. 


‘This is a significant difference compared with the controls (¢=6-5, P= <0-01). 


We have previously suggested that the acid response to insulin hypogly- 
caemia shown by some Heidenhain pouches represents a balance between 
stimulant and depressant effects (Burstall & Schofield, 1951). The same appears 
to be true of pepsin secretion, but the inhibitory effect is here predominant. 


This work has been aided by a grant from the Medical Research Council. 
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The secretion of the denervated adrenal medulla. By Martue Voer 


The effect of duodenal contents on abomasal motility in goats. 


By A. G. SinetEton. Laboratory of Physiology, Department of Physiology 

and Histology, The University of Liverpool 
In the dog and man there is evidence that a major factor influencing the rate 
of gastric emptying is the depression of gastric tone and propulsive motility 
resulting from the presence in the duodenum of acid, hypertonic solutions, or 
fat and protein digestion products. The mechanisms involved are reflex (the 
“enterogastric reflex’) and hormonal (enterogastrone). The experiments to 
be described show that in goats depression or inhibition of abomasal motility 
may be produced by the duodenal instillation of acid, or fat and protein 
digestion products, indicating the existence of a mechanism similar to that — 
in man and the dog for control of gastric emptying in the ruminant. 

Goats were provided with abomasal and duodenal cannulae and abomasal 
motility recorded by the introduction into the pyloric region of a balloon 
attached to a water manometer writing on a smoked drum. All solutions intro- 
duced into the duodenum via the cannula were at body temperature and except 
in the case of fats the volume was 25 ml. The introduction of n/100 HCl (pH 2-1) 
caused immediate inhibition of abomasal contractions lasting 2-10 min. Proteins 
and their breakdown products in 2% solution or suspension gave less consistent 
results but inhibition of varying duration was observed in about 50% of ex- 
periments. Isotonic glucose solution was rarely effective but stronger solutions 
(20-30 %) caused inhibition in some experiments. Fat (olive oil or ground-nut 
oil emulsified with gum acacia) consistently produced inhibition. 5 ml. of a 
50% emulsion was always effective, sometimes immediately, but more often 
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after a short latent period. Usually periods of inhibition alternated with bursts 
of activity for 1-2 hr. before the pattern of contractions returned to normal. 
Isotonic saline had no effect; 2% saline increased abomasal activity. Duodenal 
drainage (open duodenal. cannula) increased abomasal activity. These findings 
prove that the contents of the duodenum influence abomasal activity in the 
goat; they do not show to what extent the influence is reflex or hormonal in 
character. 


Spontaneous and reflexly elicited contractions of reticulum and 
rumen in decerebrate sheep. By Ainstry Icco.* Rowett Research 
Institute, Bucksburn, Aberdeenshire 


The cycle of contractions of the reticulum and rumen in unanaesthetized sheep 
is periodic, ‘recurring every 50-70 sec. (Phillipson, 1939), A sharp double | 
contraction of the reticulum is followed immediately by a contraction of the 
rumen. 

Cyclic contractions of the reticulum and rumen have been observed in sheep 
decerebrated, under pentobarbital anaesthesia, at the level of the superior 
colliculus, and in one preparation after additional transection of the spinal 
cord at level of second thoracic vertebra. Records of these movements obtained 
from lightly inflated. balloons, placed within the cavity of the organ, were made 
by water manometer and more recently by a condenser pressure-head, con- 
verter unit and oscillograph. Previous observations showed that contractions 
of the reticulum could be obtained by stimulation of the central end of the cut 
cervical vagus in anaesthetized ewes (Duncan & Phillipson, 1950, personal 
communication) or by stimulation of the central end of the cut abomasal branch 
of the abdominal vagi in decerebrate calves (Comline & Titchen, 1950, 
unpublished observations). 

Refiex contractions of the reticulum, similar to normal ones, were produced 
by tetanic stimulation of the central end of a transected thoracic vagal trunk 
or the central end of vagal branches to the abomasum. Furthermore, stimula- 
tion adequate to elicit one response of the reticulum in some instances was 
sufficient to induce contractions, at intervals not greatly different from normal, 
which continued for periods of 5-50 min. In four instances reticulum and rumen 
contractions have appeared spontaneously immediately after decerebration, 
without stimulation of vagal branches, and persisted for periods up to 45 min. 

In preparations in which a regular series of contractions was present the 
central control of the contractions was demonstrated by complete or partial 
block of the cervical vagi (a) by 2% procaine hydrochloride, (b) by cooling 
and (c) by pressure, which resulted in reversibly graded depression or complete 

* McMillan Brown Agricultural Research Scholar (N.Z.). 
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inhibition of the contractions. Section of the cervical vagi caused an immediate 
cessation of activity, while in the preparation with the spinal cord transected, 
with vagi intact, contractions could be elicited. 
It is postulated that there is a region in the brain of the sheep caudal to the 
intercollicular plane which can maintain co-ordinated activity of the reticulum 
and rumen. This region receives vagal afferent impulses which can influence its 
activity and reticulum and rumen contractions can be ‘triggered ’ by vagal 
afferent inflow. The name ‘Reticulo-ruminal motor centre’ is proposed for this 
region. 


| REFERENCE 
Phillipson, A. T. (1989). Quart. J. exp. Physiol. 29, 395. 


Effect of some choline esters upon the rumen and reticulum of 


sheep. By Dorotuy L. Duncan. Rowett Research Institute, Bucksburn, 
Aberdeenshire 


Quin & van der Wath (1938) observed that in sheep, the intravenous injection 
of acetylcholine caused an immediate and complete inhibition of ruminal 
movement. Clark (1950) found that both carbaminoylcholine and physostig- 
mine stimulated movements. Neither distinguished between pressure changes 
due to the reticulum and the rumen, both organs being treated as one. 

The present observations were made by recording the reticulum and rumen 
separately, introducing balloons into each organ and recording pressure changes. 
The inhibitory effect of intravenously injected acetylcholine on both rumen and 
reticulum was confirmed. Carbaminoylcholine chloride, 0-01-0-02 mg./kg. sub- _ 
cutaneously, increased tone and frequency of contraction in the rumen. In 
the reticulum, however, dosage at the upper end of the range inhibited move- 
ment, after a brief initial stimulation. Increased reticular activity was repre- 
sented by greater amplitude of contractions, but not by increased frequency. 

Dosage at the lower end of the range occasionally produced stimulation only, 
not succeeded by inhibition. 

Subcutaneous injection of physostigmine sulphate, 0-3-0-6 mg./kg., caused, 
after some 40 min. delay, a similar effect upon the rumen. The reticulum 
generally exhibited marked increase in amplitude, though not in frequency, of 
contractions, followed on a few occasions by inhibition. Atropine sulphate, 
0-3-0-6 mg./kg. subcutaneously, depressed motility in both reticulum and 
rumen. 

As both carbaminoylcholine and physostigmine have similar actions, it may 
be postulated that small concentrations of choline ester in the reticulum are 
stimulatory, but higher concentrations inhibit, as in the heart (Burn & Vane, 
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1949). With the rumen, only stimulation was observed at the dose levels 
employed. The inhibitory effect of injected acetylcholine on both organs is 
surprising, but its somewhat prolonged action suggests that this result may be 
due to indirect effects. 
REFERENCES 

Burn, J. H. & Vane, J. R. (1949). J. Physiol. 108, 104. 

Clark, R. (1950). J. 8. Afr. vet. med. Ass. 21, 49. 
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A method for determining the nutritive value of a protein by its 
effect on liver protein. By Katairen M. Henry, National Institute 
for Research in Dairying, University of Reading, H. W. Kosrertirz, 
Department of Physiology, University of Aberdeen and M. H. QUENOUILLE, 
Department of Statistics, University of Aberdeen 

Campbell & Kosterlitz (1948) have shown that the nutritive value of a protein 

can be assessed by its effect on the amount of cytoplasm or protein in the liver 

cells of adult rats. cs 
The method has been further developed and adapted for use with young rats. 

To compare three proteins, six litters of six male rats each, maintained on their 

stock diet until they weigh about 100 g., are used. The rats are randomized in 

a Latin square design, the rows and columns of which represent the litters and 

weight orders of the animals. Two rats of each litter are given the diets containing 

the test proteins in concentrations of 5-8 and 10-16% respectively for 10 days; 
the rats are then killed and the total N content of their livers is determined. The 

diets are based on a protein-free diet of the following percentage composition: 
sugar 12, potato starch 10, margarine fat 10, salts 4, rice starch 64. A daily supple- 
ment of pure vitamins is given. The test proteins are substituted for an equiva- 

_ lent amount of rice starch. The diets are given at the rate of 9g. (about 

36 kg.cal.)/day/100 g. initial body weight. The regressions of mg. total liver 

N/100 g. initial body weight on mg. N intake/day/100 g. initial body weight 

are calculated for each protein. The ratio of the slopes of the regression lines 

of two proteins is taken as the ratio of their nutritive values. ; 
To obtain a more accurate test of the linearity of the regression lines, an 
additional group of litter-mate rats fed on the protein-free diet for 5 days was 
included in the design in some experiments. | 
With ether-extracted whole dried egg as a reference protein, satisfactory 
agreement was obtained with the growth method (Osborne, Mendel & Ferry, 
1919) and with the balance-sheet method (Mitchell, 1924; Mitchell & Carman, 
1926) for casein and for the proteins of milk and flour. 
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Further observations on the chronotropic action of L-noradrenaline. 
By I. R. Inwes and H. W. Kosreriirz 


Action of adrenaline on some mechanical properties of ——— 
muscle. By M. Gorrarr and J. M. Rircure 


The value of various electrodiagnostic procedures in human nerve 
injury. By A. E. Rircure 


Blood oxygen levels and foetal asphyxia. By J. WaLker 


The effect of cortisone and ACTH on the behaviour of adrenal 
homografts in the rat. By M. F. A. Wooprurr 


Absorption from the intestine of the rat with blind self-filling 
intestinal pouch. By Vivien Pir and D. W. Taytor 


A modified Folin-Malross technique for the estimation of blood - 
sugar, particularly suitable for low values and micro-work. 
By F. W. Lanperese and K. A. Munpay 
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